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Abstract. The flow regimes inverse annular film flow and the 
change to dispersed droplet flow have been studied through 
measurements of void fraction and heat flux. 
Equipment for measuring the mean void fraction by the Y-ray ab-
sorption method has been developed. Measurements are presented 
of the axial void fraction distribution, the low flow inverse 
film boiling heat transfer, and the heat transfer to the dis-
persed droplet flow. 
The experiments were performed in a heated glass tube with a 
nitrogen gas-liquid two-phase flow at 1 bar. The inlet mass flux 
was varied through a 10 to 120 kg/nfs range. 
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1. INTRODUCTION 
An essential part of the safety analysis of nuclear power reac-
tors is the study of a postulated loss-of-coolant accident (LOCA) 
in a boiling-water reactor (BWR) or pressurized-water reactor 
(PWR) . 
A LOCA is the consequence of a break in the primary cooling sys-
tem followed by a blow-down, where the reactor vessel is emptied 
of water within 10-30 seconds. The process of fission ceases 
rapidly after tne accident due to an increasing void content in 
the core during blow-down. 
The production of power after a LOCA will continue for hours at 
a level on the order of 5% of the normal reactor power that 
existed prior to the accident. 
This power generation comes from the decay heat of both fission 
products and actinides. 
After the accident, the reactor core must be cooled by &n emerg-
ency core cooling system (ECCS). Failure or lack of effective-
ness of the ECCS represents a dangerous situation, with a risk 
for core meltdown and release of radioactivity to the surround-
ings. If the fuel elements are not cooled, the remaining power 
generation combined with the stored heat in the fuel will cause 
the fuel temperature to rise rapidly. Within 100-200 seconds the 
uncooled fuel will reach a temperature on the order of 1200°C, 
a region where the fuel cladding (zirconium) and steam can react 
chemically. This exothermic reaction accelerates the increase of 
temperature and leads in a few minutes to servere fuel element 
damage. 
Two different systems of emergency core cooling are generally 
used: One is top spray cooling of the core and the other is a 
reflood system, where the core is flooded from the bottom. 
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The contents of the present report result from a study concen-
trated upon a stationary two-phase flow consisting of inverse 
annular film flow and the transition to dispersed droplet flow. 
Non-steady inverse annular film flow, dispersed droplet and 
single phase gas flow are important flow regimes occurring in 
the region of post dry out which is characterized by a blow-down 
situation. 
During reflooding the quench front (boundary between the wetted 
and dry part of the fuel cladding) travels upwards, mainly due 
to heat conduction in the walls of the hot fuel cladding. In 
order to make measurements of void fraction, flow rate, and heat 
transfer, it has been decided to limit the investigation to 
steady flow, where the quench front is at a fixed position. 
The experimental part of this report contains a description of 
newly developed two-phase instrumentation used for flow measure-
ments in cryogenic liquids and measurements of the mean void 
fraction. Further, an experimental facility using liquid nitrogen 
as coolant is described. The experimental results consist of 
mean void fraction measurements at several different axial pos-
itions accompanied by measurements of inlet flow, inlet sub-
cooling, and heat flux. In a special series of experiments the 
heat flux has been measured separately in the inverse annular 
flow regime and in the droplet flow regime. 
Finally, a few reflood experiments have been performed in a 
heated steel tube using water as coolant. 
In the analytical part of this report the experimental data from 
the series of experiments using liquid nitrogen as coolant have 
been compared with calculations using the computer code RISQUE-N2. 
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2. INVERSE ANNULAR FILM BOILING AND DISPERSED DROPLET PLOW 
Inverse annular film boiling is defined as a flow in a channel 
with wall temperature above that of minimum film boiling, where 
the liquid phase flows as a core in the middle of the channel 
separated from the wall by a thin film of gas. 
Here the minimum film boiling temperature is defined as the mini-
mum value of the wall temperature leading to a stable gas film 
between wall and liquid core. 
Dispersed droplet flow is a flow regime with droplets moving in 
a continuous phase of gas. 
2.1. Flow regimes during the reflooding phase after a LOCA 
If a vertical heating tube with wall temperatures above the 
minimum film boiling temperature is flooded from the bottom, 
a quench front starts to travel upwards. 
Depending on the heat flux in the wetted region and the inlet 
flow, one of the two flow patterns shown in Fig. 2.1 can occur. 
'Then the inlet flow is small or the heat flux below the quench 
front is relatively high the flow is characterized by annular 
film boiling. If the inlet flow is large or the heat flux in 
the wetted region zero or small, the flow is characterized 
by inverse annular film boiling. 
Above these two flow regimes the flow pattern changes to dis-
persed droplet flow. This flow is present until all droplets 
are evaporated leading to single-phase gas flow. 
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Fig. 2.1. Annular film boiling and inverse annular 
film boiling. 
2.2. Important flov; parameters 
This section gives the definition of flow parameters used in 
succeeding chapters. 
The total mass flow rate m (kg/s) is defined as 
m * m . •*• m , (2.1) 
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where 
m, is the flow rate of liquid, and 
m is the flow rate of gas. 
9 
The total mass flux G(kg/rfs) is defined as 
G
 " A ' (2.2) 
where A is the cross-sectional area of the flow channel. 
For experimental purposes it is necessary to define the thermo-
dynamic quality: 
mls 
m, 
gi, ' 
AQii 
"V *' 
Flå- 2.2 
If we assume thermodynamic equilibrium between the two phases 
at position "i", the equation of energy conservation used for 
the system expressed in Fig. 2.2 becomes 
mU cp ( tsat- tl ) + (m*rm*i)h*g " A Oir (2.3) 
Let the qual i ty x. be introduced by 
x i ro (2 .4 ) 
Here 
mgi = m U " m U + m g i 
and 
m = m U + mgl 
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Solving (2.3) and (2.4) for x± gives 
AQT. - m81 c f t . m . - t . ) + m„!h. 
xt = —ii u P s a t i aLia . ( 2 .5 ) 
h t g ( m l l + m g l ) 
In the case of subcooling at position "i" x. becomes negative, 
and of superheating x. becomes greater than one. 
Another definition of quality is the physical quality tV-xt is 
defined as 
m 
x = -^ (2.6) 
m 
The value of the physical gas quality defined as above is always 
within the limits of zero and one. Thermodynamic equilibrium has 
not been assumed. 
As the physical gas quality is very difficult to measure, all 
values of quality presented in this report are thermodynamic 
ones calculated from Eq. (2.5). 
If the two phases are in equilibrium and there is neither sub-
cooling nor superheating, the two different types of quality are 
equal. 
The mean void fraction (the void averaged over a cross-section 
og the channel) is defined as 
a = J / a(A)dA, (2.7) 
A
 A 
where 
a(A) - å J a(t)dt, and 
1
 T 
dA_(t) 
«<*> - n t - • 
The mean velocity of the gas V is defined as follows: 
V - -^4- - SLf- - 2-2« , (2.8) g pgAa PgAa Mgo ' 
- Il-
and the mean velocity of the liquid V£ is defined: 
V "* _ m(l-x) . G(l-x) 
VI ptA(l-a) p£A(l-a) p£(l-a) 
The relative velocity vr (m/s) is given as 
Vr - Vg " Vl ' 
2.3. Previous experimental and theoretical wont 
Coopered to annular film flow, the flow regines occurring in 
flow channels with wall temperatures above the mini a w film 
boiling temperature have been investigated only in relatively 
few earlier experimental and theoretical works. The reason for 
this is that nuclear safety analysis is a new field of applied 
science. Annular film boiling is a well-known flow pattern 
occurring in coal- and oil-burning boilers, boiling-water re-
actors, and steam generators. 
2.3.1. Annular film flow and inverse annular film flow 
Among the many studies of annular film flow the following in-
vestigations are worth mentioning: Hewitt et al. (196S) per-
formed annular film flow experiments at a pressure range of 1-4 
bar. Hurtz (1978) reports results obtained at a pressure range 
of 30-90 bar. Results obtained at low pressures arc especially 
of interest for analysis of the reflood phase after a LOCA. 
The studies of flow patterns occurring in the post dry-out 
region during an emergency core cooling can be divided into two 
different types: The first is a reflood of a hot electrically 
heated rod or tube, and the second is a ref lood of bundles of 
internally heated rods simulating flooding of one or more real 
fuel elements. 
Experiments performed with bundle*, are very expensive, and they 
do not give the detailed understanding of the physical phenomena 
(2.9) 
(2.10) 
- 12 -
that is needed if one wants to develop models for use in ad-
vanced computer codes. However, these large scale experiments 
are important because t^ey can prove that an actual bundle con-
struction can be cooled by the ECCS. 
Single tube experiments have been performed by Groeneveld et 
al. (1978) , who have developed a method of obtaining flow film 
boiling data during bottom flooding of a hot tube. 
Hall and Ardron (1980) have investigated the dispersed droplet 
flow in the dry-out region above the quench front. They use a 
glass tube heated by a resistance wire. This test section makes 
it possible to take high-speed motion pictures, and an analysis 
of these gives the distribution of droplet sizes and droplet 
velocities. 
2.3.2. Post dry-out film boiling heat transfer 
Correlations for stable film boiling heat transfer for high 
wall temperatures have been published both in experimental and 
theoretical works. 
The first investigation known was performed by Bromley (1950). 
In this work the coefficient of heat transfer for natural con-
vective film boiling in a horizontal tube is estimated. 
Berenson (1961) derived an expression for the film boiling heat 
transfer from a horizontal surface by application of Taylor-
Helmholtz hydrodynamic instability theory. 
Later an average film boiling heat transfer coefficient was 
obtained by Munthe Andersen (1977) by analyzing the Helmholtz 
instability for the steam-liquid interface for low flow film 
boiling on a vertical surface. 
A modified version of the correlation of Bromley (1950) was 
proposed by Rathmann and Kortakorpi (1979). 
The correlations shown in Table 2.1 are not verified during 
bottom flooding experiments where other effects consisting of 
Table 2.1« Summary of Film Boiling Heat Transfer Correlations 
Reference C o r r e l a t i o n 
Bromley (1950) 
Berenson (1961) 
x v 1/4 
h i = ° ' 6 2 i v q E (T^T y q j 
\ g w s a t / 
h . o 4 2 5(N3 <»i-y * y \ 
h2 °-4 2 5U_ I <VTsat> / 
x \ 1/4 
Rathmann and Kortakorpi 
(1979) 
Munthe / n d e r s e n (1977) 
h 3 " F s u b h l ( ( 2 ^ L } ) 
1/4 
, 9 .
 n x4 4. x 2 \ 
h , e | v ( v y g s ) 
^ g p g °A <V T sat>7 
1/11 
where c , = •=• jm' i / i i i - i /3 rr_\2 w^ C: 33 for n = 0 .5 55 for n = 1.0 
h
* g - h * g + ° ' 5 c p g < V T s a t ) ' L = ^ gtp^-p ) a n d F s ub = e f f e c t °f Pooling. 
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heat transfer by radiation and a moving quench front can spoil 
the measured results. 
2.3.3. Methods of void fraction measurements 
The void fraction is an important term in models for interfacial 
transfer of heat, momentum, and mass. As a consequence of this 
it is necessary to have equipment that can measure the mean 
void fraction. 
Two-phase flow is easily disturbed by probes introduced in the 
flow channel, and therefore the correct way to measure the void 
fraction is by using a method that does not involve the in-
troduction of probes into the flow. 
The Y-absorption method for measuring voids is a technique which 
gives the values of the void fraction without disturbing the 
flow pattern. Using this method Evangelist! and Lapoli (1969) 
measured the void fraction in an annular channel. 
Rouhani (1962) measured the void fraction by the (*y,n) reaction. 
Its only disadvantage is that the two-phase flow must consist 
of heavy water (D20). 
A third technique utilizes neutron-scattering. Here a neutron 
source of high intensity is required; it is available only from 
a high-flux reactor. At a void fraction near 100% one obtains 
high accuracy« Preitas et al. (1980) made use of the neutron-
scattering technique for measuring void fractions in a reflooded 
tube. 
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3. EXPERIMENTAL PART 
The experimental part of this report is divided into four 
sections: The first describes the equipment for flow-rate and 
mean void fraction measurements. Then the experimental facili-
ties are described. These consist of a test section for investi-
gation of inverse annular film boiling and dispersed droplet 
flow in a two-phase flow of nitrogen, and a test section for 
study of reflooding of a heated steel tube with water. In the 
third section the experimental procedures are discussed. 
Finally, the measured data are shown graphically. 
3.1. Two-phase instrumentation 
In order to measure the important flow parameters of flow rate 
and mean void fraction, a new flow measurement technique and 
equipment to measure the mean void fraction have been developed. 
3.1.1. Flow-rate measurement 
The flow rate of a cryogenic liquid, as liquid nitrogen or 
another liquid with a temperature near the saturation tempera-
ture, is very difficult to measure with an ordinary technique 
using a venturi or orifice plate flowmeter. 
To solve this problem the flow rate has been measured by a ten-
sion weighing cell. A container with the reservoir of fluid 
used as flow medium in the test section is hung in the weighing 
cell. This container can be connected to the test section by a 
flexible tube, or the test section can be placed directly in the 
container. The flow is established by pressing a suitable gas 
into the container. 
The weighing cell has high accuracy and long-term stability, 
and the signal is directly available as input to a data logger 
system. 
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The flow rate is found with the data logger by periodically 
measuring the mass m and time t. The flow rate is then Am/At, 
where Am is the change in mass during the time At. 
In practice, the data logger collects n paired values of m and t 
with a given interval At. 
In the case of constant flow rate during the period Atn, m, and 
t are related by the following expression: 
m = a1 t + aQ, (3.1) 
where the coefficient a, is the flow rate and a-, the mass at 
t = 0. 
When all pairs of data have become input, a, is estimated by 
linear regression. Then 
hl 
al = h ^ ' {3-2) 
where 
hx - Zmt - ~ £ , and 
& n 
2 
of determination r is close to unity. In this case 
The flow rate has remained constant in time if the coefficient 
:i< 
h 2 
2 hl 
r
 ° h h ' (3*3) 
where 
h = Zm2 . JJHL. ^ 
i n 
2 
The standard deviation s(a,) of the flow rate a, is expressed 
by 
s
'
ai'2 - 4=2TTT2 • (3-4) 
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The weighing cell used for the experiments is a Tedea Serie 500 
tension weigh cell with a capacity of 0 to 100 kg and a speci-
fied total error of less than 0.02%. 
Using the method described above it has been possible to measure 
flow rates down to 1.0 g/s with a typical error of 1-2%. 
3.1.2. Void measurements by Y~ray absorption 
In tnis section th'* theory of void measurement by absorption of 
a beam of y-rays is presented. Further, an analysis of possible 
systematic errors due to different flow regimes, fluctuations 
in void fraction, and dead time of the electronic equipment is 
given. The layout of the equipment for void fraction measurement 
is described. At last correlations for the measured value of the 
mean void fraction and the count rate are verified through 
calibration results. 
j.1.^.!. The absorption law. In the case of a monoenergetic beam 
of y-rays and slab geometry the absorption law becomes 
dn = - a p n dx, (3.5) 
where 
n = count rate 
a - cross-section of absorption, and 
p = density of absorber. 
Y- Source 
n, 
6 
<« m 
I 
I 
I 
Detector 
n 
Fig. 3.1 
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If There is a constant mean void fraction a between the two 
walls of thickness 6. then by solving (3.5) we obtain: 
ln
 n^ = "ww 26 " ^ ( 1" a> D0 ~ V ° 0 ' (3'6) 
where 
]i - a p - coefficient of absorption 
D- = width of flow channel 
6 = wall thickness 
g = gas phase 
I = liquid phase, and 
w = wall 
In case gas i present in the channel, a = 1; in this case 
Equati on (3.6) becomes: 
ln 5a . . ^  2* . yg DQ , (3.7) 
and with the liquid only, a = 0, and 
1» 5i = -
 P w 2« - p£D0 . (3.8) 
n 
The contrast ratio --* is found by solving (3.7) and (3.8) for 
n_ n£ 
-2, thus 
n D o(p -p ) 
-3 = e ° l g . (3.9) 
n£ 
Solving (3.6) and (3.8) for the void fraction a gives 
nrt 
a » ln ~- / ln -3 (3.10) 
ni ni 
n 
If the contrast ratio is small, -f- < 1.15 then a linear approxi-
9. 
mation to (3.10) can be made. 
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The result is 
n - n, 
a e* ng " ni 
(3.11) 
and the maximum error of a calculated in this way is about 
0.017, under the above restriction. 
3.1.2.2. Dependence on flow distribution at different pressure 
and channel widths. The mean void fraction o estimated by 
Equations (3.10) or (3.11) is strictly valid for only those 
slab-geometries where the absorbers, liquid phase, and gas phase 
are placed perpendicular to the direction of the y-beam as shown 
in Fig. 3.2. 
It is important to be convinced that the method applies when 
the two phases are distributed in a non-idealized way, corre-
sponding to different flow regimes. 
Consider then the following two different distributions of the 
two phases: 
n, a(i-a) n 
o p9 Pi 
Do 
Fig. 3.2. Series distribution. 
"0 
Fig. 3.3. Parallel distribution. 
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Figs. 3.2 and 3.3 show two extreme cases where the liquid and 
gas phases are distributed in series and parallel in relation 
to the direction of the incident Y~ray beam. The mean void 
fractions a are supposed to be equal in both cases. 
By using the absorption law the values of n, and n» are given 
by the following expressions: 
-oD op -<l-cODap£ 
nl = n0 e e (3.12) 
-D op ~Doop4 
n2 = nQae
 9
 + n0(l-a) e , (3.13) 
where 
nQ = virgin y-intensity, 
n, = measured y-intensity in case 1, and 
n_ = measured y-intensity in case 2. 
Normally, the mean void fraction is calculated from Eq. (3.12) 
assuming this flow distribution to be the one most commonly 
occurring. The mean void fraction is then given by the following 
expression in terms of the count rates n,, n , and n: 
ni 'nn 
a = In — / In -3 . (3.14) 
Rl n* 
If the two phases are distributed as shown in Fig. 3.3 and the 
measured count rate n2 is put into Eq. (3,14), one gets a 
value a . which differs from the real value a. 
m 
In order to see how the error Aa = a - a depends on the mean 
m 
void fraction a, pressure p, cross-section of absorption o, and 
channel width D., some typical examples are plotted in Figs. 
3.4, 3.5, and 3.6. 
a » 0.196 cm^/g is the cross-section of water at a photon 
energy of 0.06 Mev, and a « 
a photon energy of 0.6 Nev. 
2 
energy of 0.06 Mev, and o « 0.0896 cm /g is the cross-section at 
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6 -
5 -
* * 
a e=<ll96fci»i2/gl -
C o.a0896fcm*/g] 
a[%] 
Fig. 3.4. Error Aa versus a, showing the dependence on flow 
distribution at photon energies of 0.06 Mev (a = 0.196 cm /g) 
2 
and 0.6 Mev (o = 0.0896 cm /g). P = 1 bar and D = 1.36cm 
7 
6 
5 
* 4 
A o*0.196{cm2/gl . 
O asa0896fcm2/gl 
200 
Fig. 3.5. Error Aam=lv versus pressure p. (D = 1,36cm). 
14 
12 
10 h 
* 8 
m 
I 
5 6 
A cs0.19'){cm2/g) 
o o = O0895lcm2/gl 
4 6 
D(cm) 
10 
Fig. 3.6. Error Act
 v versus the channel width D. P • 1 bar. 
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The plot in Fig. 3.4 shows that the maximum error Act occurs 
max 
for a * 0.5 and for the greatest value of a. 
Fig. 3.5 shows that the error Aa_ „ decreases when the pressure 
IucUC 
increases, and this is caused by the decreasing difference 
P« ~ P produced as the pressure increases. £ g 
In Fig. 3.6, Act is plotted versus the channel width D and the 
IuclX 0 
error Aa increases as Drt increases. 
max u 
The conclusion of this analysis is that the contrast ratio given 
as 
D o(p -p ) 
_2 = e 3 (3.15) 
must be chosen rather close to unity, corresponding to a small 
value of the argument D0o(p«-p ). 
Typical values of the contrast ratio are 
n 
1.06 < - a < 1.15. 
3.1.2.3. Systematic errors caused by fluctuations in the void 
fraction. In all two phase-flows the void fraction commonly 
fluctuates. This is the case for bubble flow or droplet flow 
with large bubbles or droplets. At a given cross-section of the 
flow channel the void fraction generally can be described by 
the following expression: 
a_(t) « a + a'(t) , (3.16) 
y y y 
where a' is a time-dependent residual term with zero mean and 
variance given by 
a2 *h~ ! ag ( t ) 2 dt* (3'17) 
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The true mean void fraction a is given by 
— 1 T 
aa = ± / a(t) dt , 
g
 * 0 
(3.18) 
where a(t) can be approximated by 
a(t) = 
2iAdi(t) 
(3.19) 
The measured mean void fraction, 
% - k I ag(t) dt (3.20) 
is estimated from the static model 
n 
~ZT = In — / In -3 . 
m n n, 
(3.21) 
incident beam 
• J8 
0 
ØAdi Emerging beam 
Flow direction 
Fig. 3.7 
Harms and Forrest (1971) and Barret (1974) obtain the following 
compact expression for the error caused by fluctuating voids: 
AoJ 
Act * oi - a « —s-
m g i. (3.22) 
where A * y^Dg • OP^DQ . 
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This expression shows that the static model gives an experi-
mental value exceeding the actual averaged void a~. 
2 
Suppose a' £0.25, then 
A a < _* ' °-
25
 « 0.125 In ^3 
2 nl 
and it is therefore important to keep X small. 
In the case of nitrogen two-phase flow in a heated glass tube 
(DQ - 13.6 mm), or water two-phase flow in a heated steel tube 
(D = 14.0 mm) the maximum error becomes 
n 
nitrogen -* ** 1.14 => Aa £ 0.017, and 
I 
n 
water - a <* 1.06 => Aa < 0.007. 
3.1.2.4. Dead-time estimate of the electronic counting system. 
In order to avoid correcting for dead time of the electronic 
equipment, its value must be very small. The following gives a 
method of estimating the dead time for a given system. 
The actual or corrected count rate is defined as follows: 
i = r-2 , (3.23) 
1 - tn ' 
where 
i » actual count rate (corrected), 
n » measured count rate (uncorrected), and 
T * dead time of counting system. 
For a given system, x is fixed and here the error depends on the 
count rate n expressed as 
- 25 -
^p « tn ; (3.24) 
this proves that the relative error is negligible at low count 
rates. 
Mien it is necessary to use a high count rate« it is very 
portent to know the value of T. 
T can be Measured by the two-absorber nethod as follows: 
Let 
i. -D-op i -D-op 
-r±«e A , and -r± * e * , (3.25) 
*0 *0 
where 
iQ * actual count rate, no absorber, 
i., i-2 s *ctual count rate, absorber 1 and 2, 
a., n, * neasured count rate, absorber 1 and 2, 
a * cross section of absorption, 
p * density, and 
D., D, * thickness of absorber 1 and 2. 
Solving (3.25) for T gives: 
T
 nxn2(k-l) 
where k - e ( V D l ) o p . 
The count rates n. and n~ are neasured by weans of two slabs of 
steel as absorber and an Jkn-241 y-sourc*. 
The result is as follows, (For the typical experiaental set-up); 
(3.26) 
n l 
cps 
35,435 
n2 
cps 
22,943 
Dl 
en 
0.077 
D2 
en 
0.129 
a 
cm2/g 
1.20 
P 
. / = - ' 
7.86 
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These values are put into Eq. (3.26) and the dead time of the 
system becomes 
T = 4 x 10 sec. 
The uncorrected void fraction a„_ may be written as 
unc 
(3.27) 
and the corrected void fraction a is 
c 
nd-xn.) n (1-xn.) 
<*„ = ln — M *» / In Jn „A • (3.28) 
c n.(1—rn) n0(l—rn ) 
a 
unc 
- ln n 
nJt 
/ ln _2 
n£ 
T^bje 3,1, 
n(cps) 
31040 
32000 
33000 
33500 
34500 
35427 
a 
unc 
0.000 
0.230 
0.463 
0.577 
0.799 
1.000 
T = 4 US 
0.000 
0.229 
0.461 
0.574 
0.798 
1.000 
o 
c 
T - 10 VS 
0.000 
0.225 
0.455 
0.569 
0.794 
1.000 
i = 20 us 
0.000 
0.208 
0.431 
0.544 
0.777 
1.000 
n^ and n are assumed to be 31040 and 35427. 
The conclusion of the example in the table above must be that 
if T < 4 us the max error Aa • a - a < 0.005 is negligible 
— unc c 
and it is unnecessary to use the more complicated expression 
(3.28) . 
If the dead time T is smaller/ then it is possible to use the 
system at high count rates, and this ia very important if it 
is necessary to limit a single counting period. 
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Every count has to give a number N well above 500,000 and the 
reason for this is that the photons from a y-source are Poisson 
distributed. 
This leads to a deviateen of N of magnitude Æ. As the contrast 
ratio —2 must be rather small, as shown above, it becomes no få 
necessary to demand a very small value of — . 
3.1.2.5. Layout of equipment for void fraction measurement. The 
equipment for the void fraction measurement consists basically 
of a y-source placed at one side of the flow channel, and a Nal 
detector placed on the opposite side. Before entering the flow 
channel the beam of y-rays passes through a collimator, which 
produces a beam of y-ray3 covering the whole diameter of the 
flow channel. The emerging beam is measured by the Nal crystal 
of diameter about two times that of the channel. 
Two different systems have been designed: one using a 100 mC 
Am-241 y-source, and another a 1 mC Cs-137 y-source. 
The first system utilises Am-241 because this isotope has a 
well-defined energy peak at 0.06 Mev, and the photons of this 
peak therefore function as a monoenergetic beam. Further, an 
energy of 0.06 Mev laads to a suitable contrast ratio -p near 
1.10, when one wants to measure the void fraction in a two-phase 
flow of nitrogen taking place in a heated glass tube. Fig. 3.8 
shows the mechanical arrangement. 
Fig. 3.8. Void fraction measuring system using Am-241, 
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When it is necessary to measure the mean void fraction in a tw- -
phase flow of water within a heated steel tube, it is not poss-
ible to use Am-241 as y-source because of the high coefficient 
of Y~absorption in steel at 0.06 Mev. Therefore a second system 
has been designed employing a Cs-137 /-source which has a single 
peak at 0.60 Mev. The drawback of using a source at a higher 
energy is that the contrast ratio is reduced. The shielding of 
the source for health physical reasons also demands a rather 
heavy shielding of lead. This system is shown in Fig. 3.9. 
Fig. 3.9. Void fraction measuring system using Cs-137, 
The diagram in Fig. 3.10 shows how the electronic system is con-
nected to the detector. 
The two oscilloscope photos in Figs. 3.11 and 3.12 show the 
output signals from the amplifier and analyzer. 
- 29 -
Ftow channel 
Am-241 y- source 
Collimator 
Thermostatic 
Detector control 
Fig. 3.10. System layout. 
The longest period of dead time in the electronic system is in 
the amplifier and, as seen in Fig. 3.11, the dead time is of 
4.0 ys magnitude. This agrees well with the result achieved by 
the two-absorber method given in Sec. 3.1.2.4. 
".t has been necessary to keep the temperature of the detector 
constant in order to avoid drift in the highly precise and 
stable counter system. 
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2 Volt/div. 
0.06 Mev peak 
0.023 " 
Am 241 
1 usec/div. 
Fig. 3.11. Bipolar output amplifier. 
1 Volt/div. 
1 usec/div. 
Fig. 3.12. Output analyzer, 
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The thermostatic control system is able to keep the temperature 
within a limit of ± 0.1°C which is enough to keep the error on 
the count rate less than 1 0/00. 
If the detector is operated in a place where a strong magnetic 
field is present which is common in the case of electrically 
heated steel tubes, it is necessary to place a rather thick-
walled iron tube around the detector tub:. This is especially 
true in shielding the photo multiplier tube against the field. 
This is in addition to the built-in mu-metal magnetic shield, 
which, although possessing a high shield-factor, saturates at 
relatively low magnetic field values. 
3.1.2.6. Calibration results. In order to test the void fraction 
measuring equipment some calibration tests have been performed. 
The inverse annular film boiling test facility, using liquid 
nitrogen as coolant, consists of a glass tube heated by an 
annular flow of water. Accordingly, the calibration tests are 
performed by means of the same sort of flow channel. As the test 
section is made of glass, Am-241 is employed as y-source. 
In order to verify the applicability of the method for void 
measurement of steam-water flows taking place in a steel tube, 
a second calibration test has been performed with Cs-137 as 
y-source. The wall thickness of the steel tube used is 1.0 mm. 
In both calibration tests perspex rods and tubes have been used 
as absorbent material to simulate the liquid phase. The diameters 
and wall thicknesses of the calibration absorbers were measured 
accurately to within an error of 0.001 mm. Thus, the real mean 
void fraction a can be computed as follows: 
a * A " Aper«pex
 f ( 3 2 9 ) 
where 
cross-sectional area of filled flow channel, and 
cross-sectional area of perspex absorber rod or 
tube. 
A 
perspex 
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Tables 3.2 and 3.3 list the calibration results in detail. N is 
the mean value of n counts, and s is the experimental value of 
the standard deviation calculated according to the formula 
4 E(N. - N ) 2 s =\/ ±—, (3.30) 
" n—i 
Generally n is limited to six. The value of s has to be near 
the theoretical value v N because the photons from a Y-source 
are Poisson distributed. 
a is the known void fraction given by Eq. (3.29) a is the 
mo 
measured void fraction calculated by the linear correlation 
N - N 
amo - N - ^ 7 (3*31) 
g x 
a . is the measured void fraction calculated by the correlation 
N / N 
amJT ln =- / ln » (3-32) 
These two correlations are identical with the exact results 
obtained for slab geometry. However, they are approximations to 
more complex solutions which can be derived for tubular geometry. 
The solutions for tubular geometry are difficult to use because 
it is impossible to express in a simple form a explicitly as a 
function of N, N and N,. 
g x, 
In the case of small diameter of the flow channel as here, 
experimental results show that the application of Eg. (3.32) 
gives results within the error limits of the electronic equip-
ment. 
In the case of a test section made of glass and Am-241 as y-source, 
the actual contrast ratio is 
('Ha] - i - i« i» 
\n£ /Am-241 
in the case where the teat section is a steel tube and Cs-137 
is the y-source, the contrast ratio becomes 
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( 
^2) * 1.053 
nUCs-137 
In both cases the diameter of the flow channels are identical, 
and as expected the contrast ratio becomes rather small in the 
case of a steel test section due to the higher energy of a 
Cs-137 Y-source compared with an Am-241 ^-source. 
rig. 3.13 shows a plot of measured count rate n versus the known 
void fraction a. It appears that this plot results in a nearly 
linear correlation between a and n. 
In Figs. 3.14 and 3.15 the measured void fraction ct , is plotted 
against the known void fraction a. It appears that the known 
value a and the measured value calculated according to Eq. (3.32) 
are in good agreement. 
Consequently, this equation is used for evaluating the void 
fraction when N,N and N» are measured. 
g x. 
The results from the two different cases of calibration measure-
t 
ments indicate that the measured mean void fraction is indepen-
dent of void distribution. 
Fig. 3.16 shows a plot of the measured void fraction a , versus 
ml 
different orientations of a half-moon-shaped absorber rod. As 
mentioned before the conclusion of the result shown must be that 
the method is flow-regime independent within the error limits 
of the electronic equipment and the experimental method. 
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Table 3.3. Calibration Results Cs-137 
Perspex absorber 
rod SI3 
rod SI2 
rod Sll 
rod S10 
rod S9 
rod S 8 
rod S6 
rod S 4 
tube RIO, 
tube RIO, 
6 
7 
diameter 
mm 
13.066 
12.054 
11.003 
9.918 
9.035 
7.940 
6.055 
4.002 
10.141 
6.070 
10.058 
7.038 
ot 
0.000 
0.149 
0.291 
0.424 
0.522 
0.631 
0.785 
0.902 
0.613 
0.698 
H 
209 
211 
212 
213 
215 
216 
218 
219 
216 
217 
707 
269 
722 
964 
322 
714 
355 
661 
158 
235 
s 
405 
481 
499 
326 
282 
472 
504 
960 
290 
711 
n-n. 
o
 A - £ 
mO n -n-g l 
0.000 
0.141 
0.273 
0.384 
0.508 
0.633 
0.782 
0.900 
0.583 
0.681 
a - l n n / n* 
0.000 
0.144 
0.278 
0.391 
0.514 
0.639 
0.786 
0.902 
0.589 
0.686 
empty 0.000 1.000 220 768 266 1.000 1.000 
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36000 
35000 -
34000 -
tf 
o 33000 h 
32000 -
31000 
30000 
0J0 0.2 04 
± 
Geometry of per spex 
absorbent material 
V rod 
• tube 
O two rods 
i 
06 
a 
0.B 1.0 1.2 
Fig. 3.13* Measured count rate n versus the known void 
fraction o. The Y~source is Am-241 and the test section 
is made of glass. 
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1.0 -
Geometry of perspex 
absorbent material 
S7 rod 
• tube 
O two rods 
0.0 0.2 0.A 0.6 0.8 
a 
10 1.2 
Fig. 3.14. Measured void fraction a , versus known void 
fraction a. Glass test section and Am-241 used as y-source, 
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1.2 
1.0 -
0.8 
0.6 -
OM 
0.2 
0.0 
Geometry of perspex 
absorbent material 
V rod 
• tube 
0.0 0.2 0Å 0.6 0.8 
a 
1.0 1.2 
Fig. 3.15. Measured void fraction aml versus the known 
void fraction a. Steel test section and Cs-137 used as 
y-source. 
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Fig. 3.16. Measured void fraction a . versus different 
orientations of a half-moon-shaped absorber rod. The 
direction of the beam of y-rays is fro« the bottom 
to the top of this paper. 
3.2. Experimental facilities 
This section describes the experimental facility installed in 
the Section of Experimental Heat Transfer (SEHT). 
Two different test sections have been constructed. The first 
consists of a glass tube heated by a flow of water. This test 
section is used for an investigation of a stationary flow of 
inverse annular film and dispersed droplet flow using liquid 
nitrogen as coolant. 
The second test section consists of an electrically heated steel 
tube, made for studying the inside reflood of a hot tube by 
water. 
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3.2.1. Test section using liquid nitrogen as coolant 
In order co become acquainted with the nature of the flow 
regimes consisting of inverse annular film boiling and the change 
to dispersed droplet flow, a test section has been constructed, 
where a visually obser/able flow can be established. 
The test section consists of a glass tube heated by an annular 
flow of water. As the flow has to be diabatic, and as the wall 
temperature must be above the minimum film boiling temperature, 
it is natural to seek a coolant medium among the cryogenic 
liquids. Further, it is important to use a liquid with a low 
boiling point in order to be able to neglect wall heat transfer 
by radiation. If this transfer is negligible, the measured 
total heat transfer is then equal to the convective heat trans-
fer. 
Liquid nitrogen is selected as coolant because it has a low 
boiling point, - 196 C, and small heat of vapourization, 198 
kJAg at 1 bar. The Leidenfrost temperature is on the order of 
-160°C. 
The low heat of vapourization limits the need to add heat to 
the test section. This fact is very important as the flow is 
heated through the wall of a glass tube, and glass is a poor 
heat conductor. 
The condition for negligible heat transfer by radiation is ful-
filled for inner wall temperatures up to 20°C. 
If the wall temperature is 20°C and the liquid temperature 
-196 C, the maximum heat flux by radiation becomes: 
max Q£ad « 5.775 x 10"8 (Tw4"Tsat4) - 4oo[W/m2]= 0.04[W/cm2] 
2 
and a typical total heat flux is near 2.0 [W/cm ]. Further 
advantages are that liquid nitrogen is relatively low priced, 
easily obtainable, and environmentally harmless. Physical pro-
perties of liquid and gaseous nitrogen are compared with 
water-steam data in Table 3.4. 
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Table 3.4. Physical properties of nitrogen gas and 
liquid compared to water-steam data. 
p 
T 
sat 
p
.l 
pg 
va 
vg 
k£ 
kg 
% 
c 
pg 
CP* 
0 
bar 
°C 
kg/m3 
kg/m 
m2/s 
2. 
m /s 
W/m°C 
W/m°C 
J/kg 
J/kg°C 
J/kg°C 
N/m 
Nitrogen N_ 
1 
-196 
807 
4.61 
1.94 x 10"7 
1.15 x 10~6 
0.137 
7.38 x 10~3 
1.98 x 105 
1160 
1955 
8.85 x 10~3 
Water H20 
1 
100 
958 
0.598 
2.91 x 10"7 
2.01 x 10"5 
0.682 
24.8 x 10"3 
22.6 x 105 
2028 
4216 
58.8 x 10"3 
The test section, which consists of a glass tube heated by an 
annular flow of water, is shown in Fig. 3.17. 
The water flow keeps the inn^r wall of the flow channel at a 
temperature above that of minimum film boiling. This makes it 
possible to simulate the phenomena just above the quench front 
during Emergency Core Cooling (ECC) after a LOCA. 
During ECC the quench front travels upwards, mainly due to heat 
conduction in the walls of the hot fuel cladding. As the quench 
front is not stationary, it is very difficult to measure the 
void fraction and heat transfer in the post dry-out region. 
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N2 two-phase 
flow out 
Water outlet 
-— Water inlet 
N2 gas inlet 
N2 liquid coolant 
N2 liquid in 
. Test section using liquid nitrogen as coolant. 
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This experimental facility, however, is designed in a way such 
that the flow regimes above quench front level is in a stationary 
state. 
As it appears in Fig. 3.17, the temperature gradient in the wall 
at the simulated quench front level is avoided. This is ac-
complished by supplying the inlet flow of liquid nitrogen 
through a perspex tube, which is isolated from the glass tube by 
a thin annular gap. 
The inlet flow of liquid nitrogen is supplied from a Dewar flask 
just below the inlet region of the test section. The inlet 
region is cooled by a system using liquid nitrogen as coolant. 
This system suppresses boiling in the flow before the inlet. 
If the Dewar flask is depressurized two to three hours before 
the measuring takes place, it is possible to conduct experiments 
with subcooled liquid nitrogen. In this case the flow into the 
test section is established by pressing helium into the Dewar 
flask. Nitrogen gas condenses at the surface of subcooled liquid 
nitrogen, and therefore it cannot be used to establish the iniet 
flow. 
The flow of heating water is supplied from a reservoir placed 
at a level much higher than the test section. This keeps the 
water free of bubbles, which is necessary to measure the void 
fraction in the two-phase flov of nitrogen. 
The water level in the reservoir is kept very constant in order 
to have a steady water flow rate through the heating annulus. 
Fig. 3.18 shows how the test section is instrumented. The void 
fraction is determined by y-ray absorption at two different 
levels measured from the inlet. 
The inlet and outlet flow of liquid nitrogen *rN2in a n d *LN 
is measured by tension weigh cells as explained in Section 
3.1.1. 
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Am 241 
Y-sourct 
HS 
f»LN2out 
B 
Fig. 3.18. Nitrogen test section with instruments for 
measuring void fraction and flow rate. 
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The heat added by the water flow is calculated on the basis of 
measurements of water flow rate *H20' an(* t n e i n l e t a n d outlet 
temperature of the water. 
In order to measure the heat transfer separately in the parts 
of the test section where the flow regime consists of inverse 
annular flow and where there is dispersed droplet flow, the 
heating water stream has been divided into two loops. 
Table 3.5. Geometry of Nitrogen Test Section. 
One water loop version; 
mm 
Total heated length 740 
Two water loops version: 
Lower heated length 250 
Upper heated length 475 
Total heated length 725 
Both versions; 
Diameter of flow channel 13.6 
Wall thickness of glass tube 1.25 
Hydraulic diameter of 
heating water annulus 9.7 
Inner diameter of annulus 16.1 
Outer diameter of annulus 25.8 
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The temperature of the heating water is kept at room temperature 
leading to a very small error caused by heat loss to the 
surroundings. 
3.2.2. Steel tube test section using water as coolant 
After a LOCA the fuel elements are reflooded by water; in order 
to study this preliminary work has been carried out. A test 
section consisting of an electrically heated tube has been 
constructed for this purpose. 
Despite the different methods that have been tried, it has turned 
out to be impossible to establish a steady-state situation in 
the region of dry out, as is possible in the glass test section. 
Because of axial heat conduction in the wall of the heated steel 
tube and the higher level of wall temperature, an inlet con-
struction of the type used for the nitrogen experiments has 
turned out to be inoperative. A quench front always starts to 
move upwards. 
The final lay-out of the water reflood test section is as shown 
in Fig. 3.19. The heating power is supplied by a 40 kW AC 
rotating transformer power supply, connected to the test section 
by two silver coated clamps. 
If the tube is quenched slowly i c is possible to measure the 
void fraction at two positions as indicated in Fig. 3.19. 
At the outlet of the test section steam and water are moved 
apart by a steam separator. This device is rather efficient, 
and an equivalent type has been tested by Andersen (1967). 
Table 3.6. Geometry of Water Test Section 
nun 
Heated length 1200 
Diameter of flow channel 14 
Wall thickness 1 
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H 
m gout 
n 
^ ^ 
Cs-137 
Y Source 
H in 
< \ 
< T3 
< Ti a
 2 Detector 
•n 
m lout 
T2 a 
( ^ ) Power supply 
l^lin At»ub 
Fig. 3.19. Test section for reflood experiments using 
water as coolant. 
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The inlet flow of water is supplied through a flexible tube 
coming from a container. This container is hung in a weighing 
cell, which measures the inlet flow rate. The outlet flow of 
water from the steam separator is collected in another con-
tainer, and.here again the flow is measured by a tension weigh 
cell. 
Thermocouples attached to the wall of the heated part of the 
test section measure the wall temperatures. In this way, it 
is possible to measure the position of the quench front. The 
moment a quench front passes a thermocouple, the wall tempera-
ture falls from a high value to one near 100°C. 
3.3. Experimental procedures 
The nitrogen test section constructed of glass tubing (Figs. 
3.17 and 3.18) has been used for several different series of 
experiments. 
The axial void distribution has been measured at varying values 
of inlet flow rate and inlet subcooling. Simultaneously, the 
mean heat flux and thermodynamic quality at the inlet and out-
let are measured. 
In a special series of experiments the heat fluxes to the flow 
consisting of inverse annular film flow and dispersed droplet 
flow are measured separately. At last, a series of high-speed 
flash photos were taken. 
The water test section (Fig. 3.19) consisting of a heated steel 
tube, has been used for a few preliminary flooding experiments, 
where the void fraction is measured at different positions 
related to the quench front. 
All experimental data are measured by a Solartron Data Acquisi-
iton System controlled by a PDP11/05 computer. 
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If an experimental result is computed as a compound of more 
than one measurement, the statistical law of accumulation is 
used to estimate the deviation of the computed result. In this 
computation, we take an experimentally estimated standard 
deviation of the single measured values. During a measuring 
period« each value is logged about 4-6 times« and this makes it 
possible for the computer to calculate both the mean and 
standard deviation. 
3.3.1. Void measurements in the nitrogen test section 
The measurements of the void fraction at different axial po-
sitions are performed by two detector systems. Both dttectors 
are placed at specified positions and the void fractions are 
found keeping the inlet mass flux and inlet subcooling constant. 
Due to the relatively small reservoir of liquid nitrogen (max. 
40 kg) the void measurements are conducted as follows: When the 
two detectors are fixed at given positions above the inlet of 
the test section« the void fractions are measured after varying 
2 
the inlet mass flux through a range from 10 to 120 kg/m s. This 
procedure is repeated for the saturated inlet and two different 
values of inlet subcooling. 
After a measurement series of this type the detectors are moved 
to new positions and the above procedure is repeated. 
Before the start of a series of void measurements the two 
detector channels must be calibrated. The count rates for an 
empty and filled flow channel are measured in order to be able 
to calculate the values of the contrast ratios necessary in 
computating the resulting void fraction. 
All the measured data are presented in Appendix D. At each 
measurement the void fraction a is given as the mean value of 
4-6 individual measurements« and the standard deviation s is 
estimated from the measurement data. A typical standard 
deviation on a is in the range of 1 to 2% void fraction. 
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3.3,2. Measurement of heat flux in the nitrogen test section 
The heat added to the flow of nitrogen in the flow channel is 
equal to the heat delivered by the water in the water loop. 
Heat loss in the surroundings is assumed to be very near zero, 
because the water in the loop is close to the temperature of 
the surrounding room. 
Then the heat flux is found by measuring the flow rate of water 
and the temperature drop along the annulus. In case two water 
loops are present, these quantities are measured for each giving 
the heat flux in the lower and upper parts of the flow channel. 
In order to find the correct mean temperature of the outlet flow, 
the temperature is measured by a thermocouple in a small mixing 
cup mounted at the outlet of the test section. 
A typical error in the temperature measurements is - 0.1°C, and 
the temperature difference between inlet and outlet is about 
5.0 C. This leads to a reasonably good estimate of the heat flux, 
and it appears from the results presented in Section 3.4 that 
the scattering of the different measurements is rather small. 
In order to estimate the mean inner wall temperature of the flow 
channel, the following equations are used, when the heating power 
is known and the flow of water in the annulus is laminar: 
The Nusselt Number for laminar flow in an annulus is taken from 
Knudsen and Katz (1958): 
:°-5Re0-45(^)0-8(^)°-4Gr0-05 (3.33) Nu = 1.02 Prv*"Re""-(3-) (,,-
where 
dj^  * d2~di = hydraulic diameter of the annulus 
d2 - outer diameter of the annulus 
d. = inner diameter of the annulus 
H • heated length 
Pr * Prandtl's number 
Re = Reynold's number 
Gr = Grashof's number 
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The mean wall temperature T along the heated length H at the 
outside of the flow channel is given by 
T = T -
wo m 
Q d h 
kNu Ajj ' (3.34) 
where 
T = mean temperature of water 
Q = power added to the nitrogen flow 
by the water 
k = thermal conductivity of water 
A. = TT d1 H = heat transfer area 
The mean temperature Tw at the inner side of the flow channel 
then becomes: 
Q d l 
Tw = Two - H 7T 2 k • l n d 7 ' < 3 ' 3 5 > 
glass 0 
where k , = thermal conductivity of glass , 
dQ = diameter of flow channel 
3.4. Experimental results 
A summary of the experiments is given in Table 3.7. The type of 
test section, system parameters, subcooling and wall temperature 
are given with the actual deviations, and the type of measure-
ments carried out are listed. 
In the experiments with run numbers 301-358 heat transfer measure-
ments have been performed for the lower and upper part of the 
flow channel, where the flow patterns mainly are inverse annular 
film flow and dispersed droplet flow. 
A complete list of the measured data is tabulated in Appendix D. 
Table 3.7. Summary of the experiments 
System Parameters 
Run Test System Mass Heated Inlet Wall 
No. Section Press. Flux Length Subcooling Temperature 
bar kg/ta2s m °C °C 
1- 63 N2 -glass 1 10-110 0.740 0.2 + 0.4 -4.5 + 4.7 
64-89 N -<jlass 1 10-90 0.740 4.2 + 0.4 -5.7 + 4.8 
90-131 N2- glass 1 10- 70 0.740 5.9 + 0.6 -7.0 + 3.8 
301-322 N2- glass 1 12-135 0.250+0.475 -0.4 + 0.2 -2.1 + 2.9 
323-332 N2- glass 1 11- 60 0.250+0.475 5.0 + 0.6 -1.3 + 2.5 
333-344 N2- glass 1 10- 70 0.250+0.475 6.5 + 0.5 -2.4 + 3.9 
345-358 N2- glass 1 9-75 0.250+0.475 8.9 + 0.7 -2.1 + 4.7 
H20-steel 1 28.5-30.6 1.200 6,13,and 33 650 +50 
.. . . .. . ... .. , ._ - , 1 
Experiments 
Void Heat Transfer 
Measurements Measurements 
X
X
X
 
X
 
X
 
X
 
X 
X
X
X
 
X 
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3.4.1. Axial Void Fraction Distribution 
All Measurements of the mean void fraction are plotted in 
Pigs. 3.20-3.29. Here the mean void fraction a is plotted 
versus the mass flux. Each plot gives the result for one axial 
position of the detector and one to three different values of 
the inlet subcooling. 
Curves estimated by least-squares fits have been plotted through 
'-he Measured points in order to be able to read the value of 
the void fraction at »ass fluxes, where the void has not been 
•easured. 
all the curves in Figs. 3.20-3.29 show a decrease from a 
relatively high void fraction to a lower one as the mass flux 
increases. 
Measurements at positions near the inlet give relatively small 
values of the void fraction compared with measurements perform-
ed at a higher level. Near the outlet of the test section 
the measured values of a is close to 100%. Increasing the 
inlet subcooling causes a decrease in the void fraction, 
which clearly appears from the results obtained at a short 
distance from the inlet. 
In Figs. 3.30-3.35 the void measurement data are replotted 
in order to show the axial void fraction distribution for mass 
fluxes from 10 to 80 kg/m2s. 
At an elevation of about 2S0 mm the void fraction has in-
creased to a value of 80%-9O% corresponding to a change in 
flow pattern from inverse annular flow to dispersed droplet 
flow. This interpretation is in agreement with the visual 
observations (see the photos in Pigs. 3.47-3.49). The plots 
showing the axial void profile at G » 50 kg/m2s and G * 
70 kg/m^s have been compared with the computed profiles using 
the computer code RISQUE-N2. The results of this comparison 
between experimental data are presented in Section 4.2.8 
together with the calculations. 
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3.4.2. Heat Transfer Measurements 
Coincident with measurements of mean void fraction the heat 
flux is estimated by measuring the heat added to the nitrogen 
two-phase flow. However, the heat flux found in this way is 
the mean flux for the total heated length of the flow channel. 
In Figs. 3.36-3.38 the measured heat flux q" is plotted versus 
the mass flux G. The first of these figures shows the result 
for saturated inlet and the two other the results for increas-
ing values of the inlet subcooling. 
The heat flux measurements presented in the Figs. 3.36-3.38 
are mean values for both inverse annular flow and dispersed 
droplet flow. The heat flux increases when the mass flux is 
increased. The dependence on the inlet subcooling is very small 
and not as significant as in the case of the void fraction, 
which has a clearly dependence of the inlet subcooling. 
The measured values of inlet and outlet thermodynamic quality 
x are plotted versus the mass flux G in Figs. 3.39, 3.40, and 
3.41. As is showing in the figures, the outlet quality is 
rather, sensitive to an increase of the mass flux,* the flow 
is a typical low quality flow, at higher flow rates. At very 
small mass fluxes G - 10 kg/m2s, where the measured thermody-
namic quality is greater than 100%, it is still possible to 
observe droplets in the flow. This observation shows that the 
flow is not in thermodynamic equilibrium, and the gas phase 
is superheated. 
In order to become acquainted with the axial distribution of 
the heat flux, measurements of mean heat flux have been per-
formed in two parts of the flow channel consisting of the 
inverse annular region, 0-250 mm, and the dispersed droplet 
flow region, 250-725 mm. 
The results are plotted versus the mass flux in Fig. 3.42. 
The heat flux to the inverse film flow depends only slightly 
on the mass flux. An explanation of this could be that the 
relatively small velocity of both the gas and liquid phases 
does not cause any significant heat transfer by forced 
convection. 
The heat transfer to the dispersed droplet flow is more strongly 
mass flux dependent. There is a physical cause for this, as in 
this high void region the velocities of the gas phase increase 
very fast. 
Table 2.1 in Section 2.3.3 gives a summary of different inverse 
annular film boiling heat transfer correlations. In the follow-
ing H, , Hj, H, and H. symbolize the four tabulated coefficients 
of heat transfer. 
In the Figs. 3.43-3.46 the measured coefficients of heat trans-
fer H are compared with each of the coefficients given by H^, 
H_, H3/and H4. In the computation of H3 the void fraction a is 
equal to zero and the effect of subcooling Fgub is chosen to 
be unity. The constant c. in the expression for H. is 0.33. All 
physical properties of nitrogen are at saturation temperature 
and at 1 bar. 
The correlation H~ proposed by Berenson (1961) gives the best 
fit to the measured data. The three correlations H2, H-, and 
H, are all in fairly good agreement with the measured data ob-
tained for mass fluxes from 10 to 100 kg/m s. The correlation 
H3 proposed by Rathmann and Kortakorpi (1979) predicts the 
measured data very well, but as can be seen the value of a must 
be equal to zero. If a is increased then the approach to 
the measured values becomes too small. For a = 0 and F ^ = 1 
the correlations H- and H, are nearly equal. The correlation H. 
proposed by Bromley gives a value, that is too small. 
3.4.3. Photos of Inverse Annular and Dispersed Flow 
The nitrogen test section made of glass tubing is very suit-
able lor visual observation of the flow patterns. 
A series of high-speed flash photos has been taken using a 
Strobotac flash -mit and a 6 x 6 camera equipped with special 
optics. 
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Some of the results are shown in the Figs. 3.47. 3.48. and 
3.49. The flow channel is in the middle of each photo and the 
axial position is indicated on the ruler at the left. The 
scale is very nearly 1:1. 
Near the inlet the flow pattern consists of a dense liquid 
core surrounded by a stable film of gas near the wall of the 
heated tube. This liquid core becomes more distinct when the 
flow rate or the inlet subcooling is increased. The surface 
of the liquid core has a wavy configuration, sometimes 
disturbed by a large wave or bubble. This disturbance occurs 
more frequently near the change to dispersed droplet flow. 
The photo in the middle shows the change from inverse annular 
flow to dispersed droplet flow. Some of the droplets have a 
rather large diameter even at a high axial elevation. However 
there are also many small droplets, which are seen only with 
difficulty in the photos. The shapes of the droplets are very 
irregular and some droplets are breaking into two or some are 
colliding. 
The visual observations give reason to conclude that inverse 
annular film boiling is a pattern that can occur in a tube 
with wall temperature above the minimum film boiling temperature. 
At void fractions above 80% at atmospheric pressure the inverse 
annular flow changes to dispersed droplet flow. 
3.5. Results Obtained during Reflood with Water 
The reflood experiments performed in the steel test section 
consist of measurements of the void fraction at different 
axial positions relative to the position of the quench front. 
As shown in Pig. 3.19 two woid detectors are placed at two 
elevations, H . = 300 mm and H
 2 = 840 mm, measured from the 
bottom of the heated part of the flow channel. The total 
heated length is H = 1200 mm. The position of the quench 
front during the measurement of the void fraction is indicated 
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by thermocouples TQf T-, T_» T~, T\, and T5 mounted at known 
axial positions. One measurement of the void fraction takes 80 
seconds. 
If the quench front velocity is sufficiently small, the quench 
front travels a distance corresponding to the interval between 
two thermocouples during the void measuring period. The accuracy 
in the estimate of the distance between the quench front and the 
position of a void detector, H
 f is given by the counting time, 
distances between the thermocouples, and the velocity of the 
quench front. In the present measurements the error on H
 f is 
on the order of 100 mm. 
In Fig. 3.50 the void fraction a is plotted versur the elevation 
above the quench front, H
 f. Before the reflooding is started 
the wall temperature is about 650 C. 
The measurements of void obtained for elevations above the quench 
front, H
 f _> 0, are all greater then 80%. In this case the only 
possible flow pattern is dispersed droplet flow. Below the pos-
ition of the quench front, H
 f £ 0, the void measurements give 
values in the range of 50% to 80%. Thus the flow regime below 
the quench front must be annular flow, in other words, there is 
no inverse annular film flow present due to the high void in the 
wetted region. 
The experimental results described above are only preliminary. 
In future investigations it could be interesting to study how 
the flow pattern during the reflood is influenced by the wall 
temperature in the dry region, heat flux, mass flux, and inlet 
subcooling. As described in Section 2.1. and as shown in Fig. 
2.1., in the flow regimes occuring during the reflooding phase 
the annular film flow or inverse annular flow can be dominant. 
The measurement method for such an investigation has been dem-
onstrated. However, the experimental results could undoubtedly 
be improved by using three void detectors instead of two and a 
more intense Cs-137 y-source of actual intensity 1 mC, and 
smaller distances between the thermocouples. 
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Fig. 3.21. Mean void fraction a versus mass 
flux G, measured 50 mm above the inlet. 
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Fig. 3.22. Mean void fraction a versus mass 
flux G, measured 60 mm above the inlet. 
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flux G, measured 100 mm above the inlet. 
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Fig. 3.24. Mean void fraction a versus mass 
flux G, measured 160 mm above the inlet. 
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Fig. 3.25. Mean void fraction a versus mass 
flux G, measured 230 mm above the inlet. 
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Fig. 3.26. Mean void fraction a versus mass 
flux G, measured 310 mm above the inlet. 
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Fig. 3.27. Mean void fraction a versus mass 
flux G, measured 315 mm above the inlet. 
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Fig. 3.28. Mean void fraction a versus mass 
flux G, measured 470 mm above the inlet. 
100 
80 
60 -
40 
20 
WF 
o Atsut> = 0.3 C i0.7 C 
D Atsub=4.1*C±0.3*C 
-I L. 
20 40 60 80 
G[kg/m2s] 
100 
Fig. 3.29. Mean void fraction a versus mass 
flux G, measured 600 mm above the inlet. 
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versus mass flux G. The heated length is H = 740 mm and the 
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versus mass flux G. The heated length is H = 740 mm and the 
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The results near 2 W/cm are measured in the lower 
part of the test section, 0-250 mm, where the flow 
pattern is mainly inverse annular flow. The results, 
2 
which vary from 0.65-1.65 W/cm , are measured in the 
upper part of the test section, 250-725 mm, where the 
dominant flow regime is dispersed droplet flow. Mean 
wall temperature in the lower part of the flow channel 
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- 76 -
|o> 
loo 
l<f> 
t>i 
.i 
F i g . 3.49. Inverse annular film boiling and change to 
.2. dispersed droplet flow. G = 70.0 kg/m s and Atgub = 8.0 C. 
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Fig. 3.50. The void fraction a versus elevation above 
the quench front, H . Reflood of heated steel tube 
using subcooled water as coolant. Hall temperature 
before reflood 650°C + 50°C. 
4. COMPARISON BETWEEN EXPERIMENTAL DATA AND CALCULATIONS MADE 
WITH THE COMPUTER CODE RISQUE-N2 
This section presents an investigation of the performance of 
the computer code RISQUE-N2, a modified version of the RISQUE-T 
code. 
The calculations are compared with experimental data from inverse 
annular boiling experiments with nitrogen. 
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4.1. Description of the code 
The original computer code RISQUE-T developed by Eget and Ander-
sen (1977) was designed to model a transient one-dimensional 
steam-water two-phase flow. 
The model used in RISQUE-T is a one-dimensional two-fluid model. 
This model is in unchanged form used in the modified version, 
RISQUE-N2. In the two-fluid model each phase is described by 
conservation equations for mass, momentum, and energy leading 
to a system of six equations. The numerical method used to 
solve these equations is an extended form of the Turner finite 
difference scheme (Turner (1972)). 
The six equations are solved for the following dependent vari-
ables : 
Gas mass flow rate 
Liquid mass flow rate 
Void fraction 
Pressure 
Enthalpy of gas 
Enthalpy of liquid 
The conservation equations are described in a general form in 
Appendix A. 
Closure of the system of conservation equations requires ex-
pressions for the physical properties of both the liquid and 
gas phases. Further, a set of constitutive equations for the 
following quantities are required. 
The interactions of the fluids with the wails are described by 
- wall friction 
- wall heat transfer 
- wall mass transfer 
mg " a Pg Vg A 
" l = a p t v l A 
a 
P 
Ah„ = h„ - h
 M . g g g, sat 
Ahl " hl " hi,sat 
Fwg' *"wl 
°wg' Qwl 
r w ' 
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and the transfers of mass, momentum, and heat across the inter-
face are described by 
- interfacial mass transfer 
- interfacial momentum transfer 
- interfacial heat transfer 
The differences between the new version RISQUE-N2 compared to 
RISQUE-T are in the choice of constitutive equations. The phy-
sical properties of water and steam are replaced by a newly 
developed set of routines for the physical properties of nitro-
gen, liquid, and gas. 
These routines are described in Appendix C and in a report by 
Ottosen and Mannov (1980) where the routines are used to tabu-
late the physical properties of nitrogen. The fitted expressions 
have been compared with experimental data, and show a maximum 
error of 1%. 
4.2. Constitutive equations for inverse annular film boiling 
and dispersed droplet flow 
The original constitutive equations for friction, heat, and 
mass transfer as used in RISQUE-T depend in a rather simple way 
on the actual flow regime. The expressions appearing in the gas 
equations vanish for a •+ 0 and those in the liquid equations 
vanish for a -*• 1. 
To model inverse annular film boiling and dispersed droplet flow 
it was necessary to introduce a revised set of transfer equations. 
These new correlations are valid only for the inverse annular 
film boiling and dispersed droplet flow regimes, and therefore 
the present RISQUE-N2 is applicable only to calculations in 
these regimes. 
If RISQUE-N2 were to be equipped wi'-h the appropriate constitu-
tive equations the code could of course be used for calculations 
in other flow regimes. 
ig' Q U 
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4.2.1. Wall friction 
Wall friction is expressed in the same form as is used in 
RISQUE-T and becomes 
Fwg - Fwg mg • a n d < 4-" 
Fwl = 0. (4.2) 
The liquid wall friction is set to zero as the wall is dry in 
case of inverse annular film boiling and dispersed droplet flow. 
The single-phase friction factor F' is calculated as follows: 
wg 
|vgl 
Fwg ' fg 25^A ' a n d <4'3> 
f g ,1am 
f„ = max ( , (4.4) 
g,turb "* if 
where the laminar frictions factor is defined by 
£9,lam * M ; ' <4-5» 
and the turbulent friction factor is given implicitly by the 
Moody-Colebrook equation (Streeter (1966)). 
Thus 
1
 = - 0 . 8 6 In ( ^ + 2 ' 5 1 V (4 .6) 
/ f g ' t u r b ' R e g ' V t u r b 
2000 for Re„ < 2000 
where Re* • < , (4.7) 
Re for Re > 2000 
!VgI Dh pg 
and Re„ - — = — 2 . (4.8) 9 \i„ 
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4.2.2. Wall heat transfer 
The rate cf heat transfer fro« wall to gas and liquid can be 
written in the following general forms: 
°wg * aQwg" ( W ' *** (4-*J 
or in terms of the dependent variables Ah and Ah£, 
Q ^ = aQ^-CAl^ - ^ - Ahq) , and (4.11) 
Qwi= U-a: ^ - ( A ^ - ^ i - A h , ) . (4.12) 
P* 
where ATw - Tw-Tsat * (4-13) 
in the case of inverse annular film boiling and dispersed droplet 
flow, wh«»r. the wall is dry and the wall temperature is above 
the minimum film boiling temperature, the heat transfer coef-
ficients Q> " and Q " are computed as follows: 
Let Q^" = Q^" = Q^" . '»here 
>h V-^-^D?'
 (4
'
14) 
For inverse annular flow the Nusselt number Nu^ is computed 
from the correlation given by Berenson (1961) and for dispersed 
droplet flow from a correlation proposed by Munthe Andersen 
(1976). 
In order to get a continuous transition from the inverse annular 
flow regime to the droplet flow regime the Nusselt number in 
the code is computed as follows: 
,
Nuia 
Nu • min i . (4.15) 
Nud 
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Inverse annular film boiling, 
* 1 
/kq (Pi"Pq) g h£o\4 Dh NUia = °-425 U ^ L V - T T ) K ' (4'16) 
w s a t 
W h e r e L =
 /g(p'-Pg) a n d h *g* = h*g + ° '5 cPg (VTsat> • 
(4 .17) 
Dispersed droplet flow, 
(Nu + l) 2 N u d - 2 * - 1 + sjr^frT-s ' (4-18) 
g/s 
where the single-phase gas Nusselt number is given by 
4.36 
Nug s = max I (4.19) 
0.023 Re °*8 Pr °*4 
g g 
and the droplet concentration parameter is defined by 
2d / 
"
a) 6 Nudr(h*g * \ ' hgfsat) 
h
*g 
(4.20) 
where 
Nu.^ = 2 + 0.75 Re.0,5 , and (4.21) 
or a 
pg d 'Vg - V Re. = -2 2 *_ . (4.22) 
d y 
This droplet flow correlation fulfills the single-phase con-
dition 
Nu. •* Nu„ „ for a •*• 1.0 . d g,s 
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4.2.3. Wall mass transfer 
As described previously, the heat transfer from wall to liquid 
is given by 
Qw* - (1"a) Qw*" <ATw - c ^ A V • (4'23) 
It is now supposed that part of this heat flux leads directly 
to evaporation; thus, the wall mass transfer can be written as 
follows: 
r = r _ + r • Ah. , (4.24) 
w wO w a 
where 
rw0 " a(1~a) rw00 ' (4*25) 
and 
r • = o(l-a) T " Ah. . (4.26) 
w w x, 
°w* Suppose rw = a(l-a) ^ — ; then I* Q0 and rw" are defined by 
AT 
rwoo - (1-a> Qw*" h ~ ' (4-27> 
ig 
and r • - -d-a) Q
 £- ^ r ~ . (4.28) 
w wjc cp£nZg 
This model for the wall mass transfer has been chosen because 
it gives a relatively high rate of transfer at small values of 
the void fraction, where there is a possibility that the liquid 
will come very near to the hot wall leading to an evaporation. 
In the cases of a •*• 0 and a -*• 1, the wall mass transfer is 
assumed to vanish, corresponding to the formulation above. 
The deduced r is of the form 
w 
r * a(l-a)2 . (4.29) 
w 
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This leads to the following dependence on the void fraction: 
2 
g (I-a) a 
0.000 0.0 
0.081 0.1 
0.128 0.2 
0.147 0.3 
0.144 0.4 
0.125 0.5 
0.084 0.6 
0.063 0.7 
0.032 0.8 
0.C09 0.9 
0.000 1.0 
4.2.4. Interfacial momentum transfer 
The interfacial momentum transfer is defined as 
F = Fstat + Fdyn <4-30> 
Where the computed F is given by Andersen (1975) as 
Fstat - a(1-a> Fstat" < V V ' (4'31) 
where 
,, _ 3 1 T Fstat - i a p cd i v v i ' • (4-32) 
The drag coefficient is taken from Munthe Andersen (1973) and 
becomes 
— for Re- < 0.71 
f *ed 
Cd = { , (4.33) 
0.4 + 25.4 Red"0,8 for Red > 0.71 
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where 
a P|V -v I 
Red = -3 . (4.34) 
The dynamic contribution to the interfacial momentum transfer 
is taken from Drew et al. (1978) as 
Fdyn * K{-Dt- ~ -ir) > where (4.35) 
K = k a(l-a) p , (4.36) 
-Dt2--!? + ui~å• and < 4 - 3 7 > 
D V aV^ 3V 
DT~ It + ug~33E • <4-36) 
The values of k, U£, and U are unspecified but can be changed 
during test runs with the program. 
For the resulting calculations the values of these parameters 
are set as follows: 
k » 1, U£ = Vt, and Ug = Vg . 
The introduction of the correlation for the added mass effect, 
Fdyn a s su9gested by Drew et al. (1978) and Andersen et al. 
(1976), limits the relative acceleration of the phases, and 
thus eliminates instabilities of the solution scheme. 
4.2.5. Interfacial mass transfer 
The interfacial mass transfer rate is defined as 
T± = o(l-a) iy Ah£ , (4.39) 
where 
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V - { 
100C — — Ah«, 
V 
0 . 0 
i f Ah£ > 0 . 0 
i f AhA < 0 . 0 
(4.40) 
This model is valid only for evaporation and does not include 
condensation. 
4.2.6. Interfacial heat transfer 
The interface-to-gas heat transfer is computed as proposed in 
RISQUE-T 
Q. = -a(l-ot) Q. " Ah , (4.41) 
xg lg g ' 
where 
Qig" - '"»d-TT3- ' (4'42) 
d c
Pg 
For dispersed droplets of diameter d the following correlation 
for the Nusselt number is used: 
Nud = 3.2 + 0.75 Red0-5 Pr °'33 , (4.43) 
where 
|v -v I d p 
Re. - — 3 — - 2 . (4.44) 
d pg 
In order to satisfy the energy equation for the interface the 
following equation can be written: 
< rw + ri> h*g + Qig + Qi* = ° ' (4'45) 
The interface-to-liquid heat transfer is then found by solving 
this equation, and it becomes 
°i£ - " [Vrw + ri ) * Qig] ' (4'46) 
- 87 -
4.2.7. Boundary conditions and input parameters 
In order to solve the two-phase equations it is necessary to 
specify some boundary conditions. 
The following inlet and outlet boundary conditions are required 
to simulate the experiments. 
Inlet boundary conditions: 
Inlet mass flow m. - m . + m„ . 
xn gin txr. 
Inlet void fraction a. 
in 
Inlet enthalpy of gas liquid Ah. and Ah. 
Inlet relative velocity V . 
Outlet boundary condition: 
Pressure p Q u t 
The values of min, ain, AhJin, and Pout are experimental para-
meters and therefore known before the calculation is performed. 
The only unknown boundary conditions are the gas enthalphy and 
relative velocity. The values of these two quantities are 
chosen as follows: 
Ah
 ± n =0.0 J/kg and Vrin =0.2 m/s . 
The vaporization starts at the inlet of the test section. 
Consequently, the superheating of the gas phase has a value 
close to zero. , 
The mean droplet diameter used in the correlation for inter-
facial momentum transfer and interfacial heat transfer is chosen 
to be 1 mm. These correlations are used both for inverse annular 
film boiling and dispersed droplet flow, whereas the correlation 
for wall heat transfer given by Eq. (4.14) is flow-regime 
dependent. j.n order to account for the small droplets occuring 
in the flow regime of dispersed droplet flow, the droplet diam-
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eter used in the droplet concentration parameter, Eq. (4.20), 
is set so as to represent the smaller value, 0.3 mm. 
The temperature of the inner wall of the flow channel is chosen 
to be -4.3°C, which matches the conditions of the experiments. The 
geometry of the test section is as follows: 
Length H = 0.740 m 
Diameter D. = 0.0136 m 
For practical reasons it was impossible to measure the void 
fraction directly at the inlet. The first position for void 
measurement was at a distance of 45 mm from the inlet-. 
Consequently, the calculations are performed in a way such that 
the inlet boundary conditions a. are chosen equal to the value 
measured at the level of 45 mm. Thus, the total length of the 
flow channel used for the calculations becomes H = 0.695 m. 
The following cases have been computed: 
Run No. 
1 
2 
3 
4 
G 
2 
kg/m s 
50 
50 
70 
70 
Atsub 
0.0 
5.7 
0.0 
5.7 
°C Pout ^ 
105 
105 
105 
105 
4.2.8. Discussion of results 
Figs. 4.1, 4.2, 4.3, and 4.4 show the calculated results of the 
wall heat transfer rate compared with measurements. 
In order to get the values of the wall heat transfer rates for 
inverse annular film boiling and dispersed droplet flow, measure-
ments of heat transfer in the lower and upper part of the test 
section have been made. 
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The measured mean values are plotted as vertical lines, and 
the calculated curves are marked RISQUE-N2. 
Figs. 4.1 and 4.2 show the results when the inlet flow is at 
saturation temperature and the mass fluxes are G = 50 
2 
and 70 kg/m s. 
The calculated results are smaller than the measured ones. The 
modelling of the change from inverse annular flow to dispersed 
droplet flow is the main reason for this deviation. The calcu-
lated transition from inverse annular film boiling heat transfer 
to dispersed-droplet flow heat transfer takes place too early. 
Figs. 4.3 and 4.4 show plots where the inlet is subcooled and 
At . = 5.7 C. This leads to improved agreement between computed 
and measured results. In these cases the change from inverse 
annular flow to dispersed droplet flow agrees with the experiments. 
In all four examples the rates of heat transfer in the dispersed 
droplet flow regime are smaller than the experiments indicate. 
The choice of droplet diameter is important; a smaller droplet 
diameter leads to a larger rate of heat transfer. 
In Figs. 4.5 and 4.6 the computed relative velocity is plotted 
versus the level above inlet. If the inlet flow is subcooled, 
as shown in Fig. 6, the relative velocity is nearly constant 
close to the inlet. Only near the transition from inverse 
annular flow to dispersed droplet flow, does the relative 
velocity start to increase. 
In Figs. 4.7 and 4.8 the measured axial void profile and the 
computed profile are compared. Here the agreement between 
experiment and theory is good, and difficulties arise only in 
the transition region. 
The computed results obtained with the cede RISQUE-N2 indicate 
that it is possible to model a two-phase flow in a heated tube 
using a one-dimensional model. 
- 90 -
However, the modelling of the change from one flow regime to 
another gives rise to some problems. 
Furthermore, the heat transfer correlation used in the flow 
of dispersed droplet flow must be improved. In order to do this, 
it is necessary to know the temperature of the gas phase, 
because the two phases are not in thermodynamic equilibrium. 
If the heat flux from wall to fluid, superheating of the gas, 
and the mean void fraction are all known, it would be much 
easier to make constitutive equations for 0* # C5 . and Q. . The 
code RISQUE-N2 could be a very good tool to verify the accuracy 
of such models. 
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Fig. 4,1. Wall heat transfer rate versus level above 
inlet at mass flux G = 50 kg/m s and &tsub * 0.0 C. 
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Fig. 4.2. Wall heat transfer rate versus level above 
inlet at mass flux G * 70 kg/m s and Atsub = 0.0 C. 
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Fig. 4.3. Wall heat transfer rate versus level above 
inlet at »ass flux G = 50 "<g/m s and At . = 5.7°C. 
SUD 
Fig. 4.4. Wall heat transfer rate versus level above 
inlet at mass flux G * 70 kg/m s and At . » 5.7°C. 
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Fig. 4.5. Calculated relative velocity Vr = V -V^ 
versus level above inlet. 
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Fig. 4.6. Calculated relative velocity Vr * vg~V£ 
versus level above inlet. 
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Fig. 4.7. Measured and calculated axial void profile-. 
2 
G = 50 kg/m s. The curves are calculations made with RISQUE-N2 
simulating the measured profiles obtained at an inlet subcooling 
o f Atsub " °'2 ° C a n d Atsub = 5-9 °C' 
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Fig. 4.8. Measured and calculated axial void profile. 
2 
G - 70 kg/m s. The curves are calculations made with RISQUE-N2 
simulating the measured profiles obtained at an inlet subcooling 
of At . = o.2 °C and At . = 5.9 °C. 
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5. SUMMARY AND CONCLUSION 
An experimental and theoretical investigation of the inverse 
annular and dispersed droplet flow in a two-phase flow cf nitro-
gen gas-liquid was performed. 
An experimental technique has been developed making it possible 
to study a stationary flow consisting of inverse annular film 
flow and the change to dispersed droplet flow in a heated glass 
tube usirg liquid nitrogen as flow medium. 
Equipment to measure voids using the Y-ray absorption method 
has been developed. It consists of electronic instruments and 
a detector system that have proved their applicability both at 
calibration tests and at measurements of axial void fraction 
distribution in the two-phase flow under investigation. 
It has been possible to perform measurements of heat flux and 
thermodynamic quality with reasonably good accuracy, due to use 
of a special method of flow rate measurements using tension 
weighing cells combined with accurate measurements of temperature. 
The heat transfer for inverse annular and dispersed droplet 
flow has been measured separately. A comparison has been per-
formed between measured coefficients of heat transfer and dif-
ferent known correlations. Some of the correlations fit the 
data very well which is interesting because the original cor-
, relations have not been compared f/ith data obtained in a forced 
.flow. 
The glass test section gives possibilities of visual and photo-
graphic observations of the actual flow patterns. 
The visual observations show an inverse annular flow pattern 
consisting of a dense core of liquid flowing in the middle of 
the flow channel isolated from the wall by a thin film of gas. 
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The glass test section has shown good properties in all re-
spects, and it is recommended that such a facility be used in 
investigations of other diabatic two-phase flows. 
A test section for investigation of inside reflood with water 
of a single heated steel tube has been constructed. Measure-
ments of void during the reflood indicate that the dominant 
flow regime below the quench front is annular film flow. As a 
consequence of this the flow regime in the post dry-out region 
becomes dispersed droplet flow. However, the conclusion of 
this observation must be a recommendation of more experiments 
in order to investigate how the type of flow regime is con-
trolled with respect to different parameters such as heat flux, 
wall temperature, mass flux, and inlet subcooling. 
Experimental data from the nitrogen experiments have been com-
pared to calculations with the one-dimensional,six equation 
computer code RISQUE-N2. The calculated axial void profiles 
are in good agreement with the measured ones. The computed 
rates of heat transfer agree fairly well with measurements. 
However, the modelling of the change from inverse annular 
film to dispersed droplet flow gives rise to son.e deviation 
and could undoubtly have been improved. The main problem with 
a six-equation scheme is to be able to model the interfacial 
transfers of mass, momentum, and he.t. Therefore, measurements 
of the superheating of the gas, droplet sizes and relative ve-
locities would be of great advantage for further developments 
of such models. The glass test section gives many possibili-
ties of making new and more detailed investigations in order 
to achieve a better understanding of the flow patterns impor-
tant in the nuclear safety analysis. 
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NOMENCLATURE 
Main Symbols 
A 
c d 
CP 
d 
Do 
\ 
F 
F r sub 
F 
wg 
p
« t 
f 9 
f 9 
g ,1am 
g , turb 
g 
6 
Gr 
H 
V 
h,H 
h,H 
Ah 
h 0 „ 
m2 
JAgK 
m 
m 
m 
N/ra3 
N/m3 
N, m 
m/s2 
kg/m ! 
m 
mm 
J A g 
W/m2K 
JAg 
JAg 
flow area 
drag coefficient 
specific heat capacity 
at constant pressure 
droplet diameter 
diameter 
hydraulic diameter 
interfacial frictional force density 
effect of subcooling 
gas frictional force density 
due to wall friction 
liquid frictional force density 
due to wall friction 
wall friction coefficient 
wall friction factor 
friction factor for laminar flow 
friction factor for turbulent flow 
acceleration of gravity 
mass flux 
Grashof's number 
total length of flow channel 
level above quench the front 
specific enthalpy 
coefficient of heat transfer 
specific enthalpy above saturation 
latent heat ol vaporization 
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i 
k 
IV,IV. 
m 
n 
N 
Nu 
Nudr 
% , s 
Nuia 
P 
pheat 
Pr 
q" 
Q 
Q 
r 
Re 
s 
S 
t 
T 
T 
U 
V 
Vr 
X 
X 
cps 
W/mK 
kg/s 
cps 
N/m2 
m 
W/cm2 
W/m2 
W/m3 
kg/s m 
s 
K 
s 
m/s 
m/s 
m/s 
m 
count rate 
thermal conductivity 
coefficients in Eqs. (4.35) and (4.36) 
mass flow rate 
count rate 
number of counts 
Nusselt number 
Nusselt number used in Eq. (4.20) 
Nusselt number for single phase gas 
Nusselt number for inverse annular flow 
pressure 
heated perimeter 
Prandtl number 
heat flux 
heat flux 
rate of heat transfer 
coefficient of determination 
Reynolds number 
standard deviation 
sink term 
time 
temperature 
time 
velocity 
velocity 
relative velocity 
axial coordinate 
droplet concentration parameter 
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x 
a 
r 
6 
e 
6 
U 
V 
V 
T 
V 
P 
P 
a 
a 
ml 
kg/s »T 
ra 
m 
cm 
Ns/m' 
Ns/m2 
s 
m2/s 
kg/in2 
kg/m3 
N/m 
cm /g 
qual i ty 
mean void fraction 
measured void fraction using Eq. (3.io) 
measured void fraction using Eq. (3.31) 
mass rate of phase change 
wall thickness 
roughness height 
angle between gravity vector and 
positive x-axis 
coefficient of absorption 
dynamic viscosity 
mean mixture viscosity 
dead time 
kinematic viscosity 
density 
mean mixture density 
• ap + (1-cOp^ 
surface tension 
cross-section of absorption 
Subscripts 
c 
d 
dyn 
g 
i 
ig 
u 
i 
sat 
sing 
corrected 
droplet flow 
dynamic 
gas 
interface 
interface to gas 
interface to liquid 
liquid 
saturation 
singularity 
stat 
sub 
unc 
w 
wg 
wJl 
stationary 
subcooling 
uncorrected 
wall 
wall to gas 
wall to liquid 
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APPENDIX A 
THE TWO-FLUID MODEL 
The two-fluid model used in RISQUE-T and in the modified version 
RISQUE-N2 is based on the formulation of Ishii (1975). 
The resulting conservation equations for mass, momentum, and 
energy are given in one-dimensional form as follows: 
Mass conservation 
Gas: 
i t< aV + I !*<A * "g V = r w + r i - S g (1) 
Liquid: 
| t ( (1 -a)P! ) + S fe<A<1-°>Plvl> = - ( r w + r i } " S l {2> 
Momentum conservation 
Gas: 
apg -Dt2 = - a f? " Fwg " F " apg * cos6 " rwvg 
* l 9 g/Sing 
Liquid: 
(3) 
< 1 " a , p l "5t^ * " ( 1 ~ o ) | x " Fwl + F " ( 1 " a ) p l ^ cose 
+ FwVl * F i ( V V " F l ,slng ( 4 ) 
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Energy conservation 
Gas: 
D h D p 
OD - " * — a—3— 
pg Dt 
Dt ! °wg + Qig " (rw+ri)Ahg (5) 
Liquid: 
(l-a)p 
Dlhl DiP 
1 -Dt~ " (1-a) W = °wl + Qil + < W A hl (6) 
In the previous equations the substantive derivatives are 
defined as: 
.._ = i_ + v 1-
Dt " 3t g 3x 
Dt "3t 1 3x 
The conservation equations are derived on the assumption that 
the pressure of the two phases are equal and the quantities 
shown below are given by constitutive equations. 
Wall 
Friction 
Fwg' Fwl 
Heat Momentum Mass 
transfer transfer transfer 
Qwg' Qwl w 
Interface Qig' Qil F 
Singularities F . , F, . 
g,sing' l,sing 
Sink terms V Si 
As dependent variables it is convenient to use the following 
set 
- 10« -
9 9 9 
*1 % '1 ¥1 * 
(7) 
Ah » h - h 
9 9 9, sat 
Ahl * hl " hl,,at 
In order to express the conservation equations (1) through (6) 
in terms of these variables, it is necessary to express 
y ^ and y ^ in terms of y| and ||S. 
Let 
P- - (h , p). 
where 
h9 " Ah9 + h9,"t «»* hg,-t " hg,sat(P,s 
then 
> - (£) J? * (&) £ 
^ • ( S L * • »h 3Ah_ /dh 3t (9) sat 
Combining (8) and (9) gives 
£ - (£)h n *»). (>L* * G ^ • -
The same procedure can be followed for p, • P^^i P* an^ t n e n 
in terms of the dependent variables the conservation equations 
become: 
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Mass c o n s e r v a t i o n 
Gas : 
i & * p. ft * •[(&)„+ GfyOOt 
/3p v 3Ah 
* "frlfy ^ = Fw + r i " S9 (la) 
Liquid : 
i 3mi »a „ , r f 8 p i \ ^ / , 8 p n f ' h i \ l i p 
• " - " ^ „ ^ • • ( V ' i ) - 8 ! ( 2 a > 
-3PTX 3Ah 
P 
Momentum c o n s e r v a t i o n 
A Dt pgVg Dt aVgLUp V ^9h /P\3P > L J D t 
-^gl^ -V1 = ""li "Fwg- F " a p g g c o s 0 
"
 rwvg + ri (W + apgVg2 X S - Fg,sing 
L i q u i d : 
(3a) 
s a t J 
inr j jsr 1 - -(1"a)li " Fwi+ F " (1-a ,pig CO80 
+ rwVl " W V + (1"a>plvl2 X S " Fi,sing ( 4 a ) 
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Energy conservation 
Gas: 
T / ^ n a \ 1 D o p DoA na 
Tg^L* " 1J D^  + ^ g - ^ D t 2 - Qwg + <V<WAhg 
(5a) 
Liquid: 
r / 3 h l \ 1D1P On Ah, 
( 1
-
a )lpi(3p-) / 1 J D F - + ^ ^ P I - D T = Qwi + Q n + <V r i ) A h i 
(6a) 
If we define the field vector, 
Y = (mg, n^, a, p, Ah , Ah 1) t f 
containing the six dependent variables then the six conservation 
equations (1a) through (6a) may be written as one matrix 
equation: 
3Y 3Y 
ast + fcai + s l - d , di) 
where §, b and g are sixth-order coefficient matrices and d is 
a column vector with six elements. 
The functional dependence of the constitutive equations upon 
the components of Y must be stated before §, b, g,and d can be 
written down explicitly. The elements of a, £, g,and d are given 
in Appendix B. 
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APPENDIX B 
MATRIX COEFFICIENTS 
This is an updated version of the elements of the matrices a, 
fe, c. and d of Eq. (11) Appendix A. This version is revised from 
the old version proposed by Eget and Andersen (1977) including 
unpublished changes proposed by Andersen (1978). 
The elements of the matrices are obtained from the conservation 
equations by introducing the appropriate expressions for consti-
tutive equations. 
The constitutive equations are linearized with respect to the 
dominant dependent variable. 
The following definition of the constitutive equations have been 
used in the list of matrix coefficients: 
Friction: 
F = F 'm_ 
wg wg g 
Fwl = Fwl'ml 
F = f « i ^ J i r . + U — % ^ m 1 + 2 m f l ) 1m, 
r g , s i n g LA22- Ax gj g Lft22p Ax l 9 J 1 
Fi = \S£sL bps*L + \Uf2l % ^ a +2n , L 
rl,sing LA22p ^ * gj g LA22~ Ax 1 g J 1 
Heat transfer: 
1 Q • a Q "AT - a Q " - — Ah uwg wwg w wwg c g 
Qwl - (1"a> Owl" ATw • (1-a) Qwl" TT7 Ahl 
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Q i g = -*<1-°> Q i g" A h g 
Qil - -[hlg(rw+ri) + Qig] 
Momentum transfer: 
F = Fstat + Fdyn ' w h e r e 
r m m. 
s t a t ~ ai'-a> * s t a t VoAp " (1-o)Ap l 
"dyn -«(•&--&) -wbere 
K « k a(1-o)p 
Mass t r a n s f e r : 
r w = r w o + V Ah^ad-a) ^
 + «(1 
T± = a(1-a) r±" Ahx 
S » S + S 'p 
g go °g v 
s i - sio + SI'P 
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MASS CONSERVATION FOR THE GAS 
l15 = "(ih2) 
b11 " A 
c14 " Sg' 
C16 = c i e ' + cie" w h e r e 
c 1 6 ' = -a(1-a) r i n 
c16" = -od-o) rw-
d,j = d 1 ' + d1" where 
V =rwo 
d„" - - s 1 go 
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MASS CONSERVATION FOR THE LIQUID 
a23 = -pl 
26 - <1 "»>(*£). 
b22 = A 
c24 Sl* 
C26 " "C16 
d, = -d1• + d-' where 
V - " Slo 
MOMENTUM CONSERVATION FOR THE GAS PHASE 
a31 = 1 + aa1• where 
a 3 l ' » K H X p ; 
a32 " K (1-ajApj^  
a33 • a33' + a33M W h e r e 
'33' = "vgPg 
a33 -&-ifcr) 
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a34 = a34* + a34" where 
a34' " " V l 4 
(»)>+ (-) A «© 
a35 = a35' + a35* w h e r e 
a35' 
a35" 
a36 
b31 
b3l' 
b32 
- ' , ( & ) p 
" 5 vg + b3l' 
= «31• ux 
•
 a32 Ug 
where 
b33 = a33'Vg + b33' w h e r e 
/VU, V,U_ N 
W - -* ("i-1 • TT4T) 
b34 " a34* vg + a + b34' w h e r e 
b35 = a35' Vg + a35" Ul 
b36 = a36 Ug 
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C31 = C3l' + C3l" + aC3l"' W h e r e 
c3l' = Fwg* " 3x" ~I 
31" ' (1-a> j £ * 
S„4 ni „, _ s inq g 
31 " Ax
 2 - . A i 
- rdA u 1 Kdx u l ,,2 
«P A 
c32 = c32' + ac32" where 
p w 
o • - « s t a t
 K dA „ 1 c32 - - T p j - + * as V ^ ? 
c . .
 Ssln. Cy»V 
3 2 A
* 2p A2 
C36 M C16 , ( Vi-V "°16" Vg 
=-d1' V - o p g cos6 
MOMENTUM CONSERVATION FOR THE LIQUID PHASE 
a41 " ~a3l' 
a = I - a 42 A 32 
a43 = a43* " a33" W h e r e 
'43* * P1V1 
a44 " a44' " a34" w h e r e 
a44' ' ~Vla24 
a45 * -a35" 
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a46 = a46* " a36 w h e r e 
a 4 6 . = - ( 1- a> V i (^  
b41 - -b31' 
b42 = A Vl " b32 
b32 " a43' Vl - b33' 
b44 = a44' Vi + d-a) - b34» 
b45 = "a35" Ul 
b46 = a46' Vi ' b 3 6 
C41 = "c3l" + (1"a) c3l"' 
C42 = C42' ~ c32' + *1~a*c32" w h e r e 
=42' " '»1 - S S 
A 
C43 = " p l g C O S Ø 
C46 - -C16' ( Vi-V + C16" Vi 
d, » d.1 V, - p, g cosO 
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ENERGY CONSERVATION FOR THE GAS 
-54 = p g ( ^ ) s a t -
a55 * pg 
b54 = Vg a 5 4 
- 1 
b55 " Vg a55 
c55 " S* + <1-a> « V + rwoo> 9 
c56 = (1-a) ( V V ) Ahg 
d c • Q " AT 5 vwg w 
ENERGY CONSERVATION FOR THE LIQUID 
a64 = pl \w) - 1 sat 
a66 = p] 
b64 = Vl a64 
b66 * Vl a66 
c65 = -»Qig-
c66-^ rwoo+ W ^ ' V 1 + 
d6 ' Qwl A Tw + V where 
6 woo lg 
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APPENDIX C 
PHYSICAL PROPERTIES OF NITROGEN IN THE GAS AND LIQUID PHASES 
The two-fluid computer programme RISQUE-T is originally devel-
oped to model a one-dimensional two-phase flow in a water-
steam flow. 
In order to use the programme to simulate inverse annular film 
boiling and dispersed droplet flow using nitrogen as coolant, 
a new set of physical properties has been developed and these 
are given in the following description (all units are SI): 
SATURATION TEMPERATURE T
 afcCpsat) 
Tgat(Pgat) =-304.494/(log10(Pgat/1.013-105) - 3.93352) 
where 
0.25 »105[N/m2]<Psat<10'105[N/m2] 
This correlation is given in Landolt-Bornstein (1967) . 
LIQUID SATURATION ENTHALPHY h^gat<P t) 
h l . « t ( W m VP.at(A1+p.at<A2+lWat(VP.atJk4))) 
where 
A„ = -1.448E+05 
o 
A,, - 2.836E-01 
A2 - -6.076E-07 
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A3 = 6.687E-13 
A. = -2.661E-19 4 
and this correlation is valid for 
1 05 lN/m2)<p s a t<10 • 1 05[N/m2] 
The c o r r e l a t i o n i s es t imated by least*-squares f i t us ing data 
from Vargaft ik (1975) . 
LATENT HEAT OF EVAPORATION h. (p„ . ) 
l g s a t 
h l g ( P s a t ) * A o + P S a t ( A 1 + P s a t ( A 2 + P s a t ( A 3 + P s a t A 4 ) ) ) where 
A„ * 2.112E+05 o 
A1 • -1 .571E-01 
A2 = 3.004E-07 
A3 = -3 .358E-13 
A4 = 1.350E-19 
and 
10 5 [N/m 2J<p s a t<10»10 5 [N/m 2 ] 
The c o e f f i c i e n t s are es t imated by leastrsquares f i t us ing data 
from Vargaf t i k (19 75 ) . 
SPECIFIC HEAT CAPACITY OF GAS AT CONSTANT PRESSURE c„ (h f l ,p) 
pg T> 
cpg(hg'p) " Ao * V V V V W * 
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where 
AQ = (1.409+p(4.496E-06+p(-1.59lE-11+p1.750E-17)))-E+03 
A1 = -7.754E-3 + p(-6.390E-08 + p(2.7C2E-13-p3.043E-19)) 
A2 - (5.170E-054P(2.594E-10+P(-1.343E-15+p1.569E-21)))«E-03 
A3 = (-1.092E-07+p(-2.520E-13+p(1.89lE-18-P"2.348E-24)))E-06 
This correlation is defined in the following intervals 
hgsat[j/kg]<h <1.7-105[J/kg] and 
105[N/m2]< PI 6'105[N/m2] 
The coefficients are calculated by a two-step technique using 
least-squares fit. 
First a set of coefficients A. 
iP >
 5 2 i= 0,1,2,3 and p = 1,2,3,4,5 and 6»10 [N/m ] are 
found, and secondly expressions of the form A. - A.(p), 
i = 0,1,2,3 are found. The data used are from Vargaftik (1975). 
SPECIFIC HEAT CAPACITY OF LIQUID AT CONSTANT PRESSURE Cp1(h1) 
Cpl ( hl ) = Ao + h l ( A 1 + hl ( A2 + h£ ( A3 + ht A 4 n ) 
where AQ = 4.975E+03 
A(J = 7.796E-02 
A2 = 7 J68E-07 
A3 - 3.426E-12 
A4 * 5.830E-18 
and - 1 . 4 - 1 0 5 [ J/kg]< hx< - 0 . 6 5 » 1 0 5 [ J /kg] 
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As the dependence on pressure is negligible»c .(h.) * cDi<hi'p* 
The data used are fro* Vargaftik. 
GAS DENSITY p, (h ,p) 
P (h g ,p ) - l / (A1+A2p*A3 /p*hg(B1+E2P+B3 /p)) 
where 
A1 « -P.668022E-C4 
A2 * -9.0406019B-10 
A, « -5.7967079 
B1 - 7.9632344E-09 
B2 » -3.5034356E-15 
B3 * 0.28550768 
This expression is defined for 
h«,^JA9l<h<3.6'105[J/kg] and gsac •"• o 
105 [B/Si21 <p<10 • 105 [K/P2 J 
The correlation is estimated by using a similar expression 
for steam developed at Brookhaven Rational Laboratory (1976) 
The coefficients for the case of steam are replaced by new 
coefficients for nitrogen gas. 
LIQUID DENSITY p^hj) 
P1(h1) - AQ • h1(A1*h1(A2+h1(A3+h1A4))) 
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where 
A = 5.027E+02 
o 
A1 = -1.929F-03 
A2 = 1.548E-08 
A3 = 1.185E-13 
A. = 2.538E-19 4 
and -1.4«105[J/kg]<hl< -0.65«105[J/kg] . 
p,(h.) = p.,(h, p) because the influence of pressure is 
negligible. 
The correlation is fitted to data from Vargaftik (1975) 
PARTICAL DERIVATIVE OF GAS DENSITY WITH RESPECT TO 
PRESSURE i-?^-in ( * ) : g 
Taking the derivative of PQ(h P) with 
respect to pressure the result is 
(%*) hg - " Pg(hg/P)2<A2-A3/p2+hg(B2-B3/p2)) 
where 
A2 - -9.0406019E-10 
A3 = -5.7967079 
B2 = -3.5034356E-15 
B3 * 0.28550768 
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PARTIAL DERIVATIVE OF GAS DENSITY WITH RESPECT TO 
ENTHALPHY VShgJl 
The result becomes 
$ H ) P = -P4hg,P> 2 (B l + B 2 + B 3 /p) 
where 
B1 = 7.9632344E-09 
B2 = -3.5034356E-15 
B3 = 0.28550768 
PARTIAL DERIVATIVE OF LIQUID DENSITY WITH RESPECT TO 
PRESSURE /6pl\ 
When p,(h1 p) = p , ^ ) then 
(&k- ••• 
PARTIAL DERIVATIVE OF LIQUID DENSITY WITH RESPECT TO 
ENTHALPHY (£{p) 
($£) p - A1 + 2 A 2 h : + 3 A3 hi 2 : 4 A4 hi 3 
where 
A1 = -1.929E-03 
A2 - 1.548E-08 
A3 - 1.185E-13 
A4 - 2.538E-19 
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DERIVATIVE OF GAS SATURATION ENTHALPHY WITH RESPECT TO 
PRESSURE (!§*)„«., AND DERIVATIVE OF LIQUID SATURATION \dp /sat / d h r 
ENTHALPHY WITH RESPECT TO PRESSURE (jp^J
 at« 
The gas saturation enthalpy is defined as follows 
Thus
*Æ) . pi)
 + Æia) 
Vdp / s a t \dp / s a t \dp / s a t , 
where
 d _ 
( d F ) s a t = A 1 + *Vsat + ^ s a t * + 4 A 4 P . . t 3 
A1 = 2.836E-01 
A2 = -6 .076E-07 
A3 « 6.687E-13 
A4 = -2 .661E-19 
,dh ( 1 0 
d p ^ j s a t * B1 + 2 B 2P S at + 3 B 3 P S a t + ' V 
3 
4 r s a t 
B1 - -1 .571E-01 
B2 = 3.004E-07 
B3 = -S.358E-13 
B4 = 1.350E-19 
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THERMAL CONDUCTIVITY OF GAS k (h ,p) 
g g 
Due to lack of data this property is estimated only at 
kg(hg,p = 105 N/m2) = A 0 + hg (Ax + hg(A2 + hg(A3 + hg A4))) 
where 
A_ = 2.688E-03 o 
A,. = 3.722E-08 
A2 = 4.114E-13 
A3 * -1.445E-18 
A4 = 1 .644E-24 
and hgsat - hg - 3 - 6 * 1 ° 5 [JAgl. 
The correlation is a least-squares fit to data from the Handbook 
of Chemistry and Physics»p. E-3 (1976-1977). 
THERMAL CONDUCTIVITY OF LIQUID k^hj) 
Suppose the influence of pressure is negligible; then, 
M M = A„ + h i <A<j + hi< A 2 + h l A 3 } ) ' 
where 
A„ = 5.523E-02 
o 
A1 = -2.469E-07 
A2 = 4.988E-12 
A3 = 1 .190E-17 
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-1.4»105[JAg] < hx < - 0.65-105[J/kg]. 
and it is a least-squares fit to data from Handbook of Chemistry 
and Physics (1976-1977). 
DYNAMIC VISCOSITY OF GAS u (h ,p) 
Mg (hg.p) = A0 + hg (A, + hg (A2 + hg(A3 + hgA4))) 
where 
AQ = 6.403E-12p+5.457E-07 
A., = -7.684E-17p+4.666E-11 
A2 = 3.486E-22p+2.557E-16 
A3 = -5.700E-28p-1.389E-21 
A4 • 7.333E-35p+2.188E-27 
and h g g a t < h g < 2.5-105£J/kg] 
105[N/m2] < p < 10»105[N/m2] 
and the data used is from Vargaftik. 
SURFACE TENSION a(h1) 
0 ( h l ) = Ao + hl(A1 + hl (A2 + nl A3 ) } 
where 
A = -8.295E-04 
o 
A1 - -4.373E-08 
A2 - 3.300E-13 
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A3 = 2.371E-19 
and 
-1.4-1051J/kg] < hx < -0.9.105tJAgl 
and the data used for fitting is from Vargaftik (1975) 
DYNAMIC VISCOSITY OF LIQUID Vj^h^) 
Supposing no dependence on pressure then one gets 
y1(h1) = A 0 + hl(A1 + hx[A2 + hx(A3 + hjA4))) 
where 
AQ = 1.731E-04 
A1 = 3.633E-09 
A2 = 4.211E-14 
A3 • 2.300E-19 
A4 = 1.003E-24 
and -1.4^105[J/kg] < 1^ < -0.65»105[J/kg] 
The data used for fitting is from Vargaftik (1975) 
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ANALYTICAL FITS COMPARED WITH TABLE VALUES 
The approximations(analytical fits) have been compared with 
the experimental data (table values from the references) in 
the following 11 figures which give an impression of the 
accuracy: 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
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T sa t (Psat ) 
h £ s a t ( p s a t ) 
W*-^ 
WVp) 
C p£ ( n * , P ) 
Vhg'P> 
p*<v 
Vhg'P> 
W 
Vhg'P> 
W 
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110 
100 -
90 -
- 80 
70 
60 
50 
0 
i 1 1 1 1 r i r 
1 
ANALYTICAL FIT 
O TABLE VALUES 
' ' » I 1 1 1 I L i 
4 6 
P[N/m*J 
8 x10' 
Fig. It N2 saturation temperature T . versus pressure P 
sat 
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-0.5 h 
o 
M 
-1.0 
-1.5 
dO5 
T 1 1 1 r T 1 r 
ANALYTICAL FIT 
O TABLE VALUES 
J L J I L 
0 1 2 3 4 5 6 7 8 9 «105 
PlN/m*! 
F i g . 2 ; N, l iquid entalphy h,
 g a t versus pressure P g a t 
- 130 -
x1(T 
0.21 -
0.20 -
0.19 
^ 0.18 
0.17 
0.16 
0.15 
0 
T 1 1 1 1 1 1 r 
ANALYTICAL FIT 
O TABLE VALUES 
1 ' i ' ' 1 , I I 1 L S 
U 6 
PlN/m*) 
8 «10! 
Pi2_3* N2 heat of evaporation h- versus pressure P 
sat 
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1300 
-1200 
<-> 1100 
1000 
— i — i — r 
TABLE VALUES P=1 bar o 
07 
J I I I L 
10 
P=2 
P=3 
P=A 
P=5 
P=6 
v 
a 
A 
O 
O 
ANALYTICAL FIT — 
J L 
hg (J/kg) 
15 
J L 
2x10" 
Fig. 4: N, gas heat capacity c versus entalphy h and 
* pg g 
pressure P. 
10* I ' * n 1 r 
0.19 
*10b 
L _ J i_ 
— ANALYTICAL FIT 
O TABLE VALUES 
J i i ' • ^ i 
10 - 0 5 
h,(J/kg) 
Fig. 5; N 2 liquid heat capacity c . versus entalphy h 
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r"V—r 
2 3 
hg(J/kg) 
x10" 
Fig.6 : N2 gas density p versus entalphy h and pressure P. 
J y 
O) 
tf 
i 1 1 1 1 r -} 1 1 r 
J L 
10 
— ANALYTICAL FIT 
o TABLE VALUES 
' ' I L 
h,(J/kg) 
J L 
as 
3 
Fig. 7; N 2 liquid density p. versus entalphy h^. 
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xi<r3r 
_ 20 
E 
5 
10 
— Analytical fit 
o Table values 
1 
1.0 2.0 
hg(J/kg) 
J 
3.0x10" 
Fig.8 : N2 gas conductivity k versus entalphy h . 
E 
J- 0.10 
005 
-10s 
i 1 1 1 1 1 r T 1 1 r 
ANALYTICAL FIT 
O TABLE VALUES 
5 , J 1 1——J 1 1 I I I L__L__J'0 
• 1 J 0 - 0 5 
h,(J/kg) 
Fj
-g» 9; N2 liquid conductivity k, versus entalphy h0. 
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»10 
E 
2 
1 
n 
i i 1 i 1 1 1 — 
— o Analytical fitonrtabie values at 1 bar 
- ™ • n • • • • • » P J
 w 
^ i 
i . i . i • 
2 
h,(J/kg) 
3*105 
Pig. iQ. H 2 gas dynastic viscosity u versus entalphy 
and pressure P. 
xlTr 1 1 1 1 1 1 1 1 1 ' ' r i 
05 -
— ANALYTICAL FIT 
O TABLE VALUES- Ibor 
O - lObor 
Q i • • • i • i i 1 _ — l 1 1 1 » — 
„105 -10 -05 0 
h,U/kg) 
Pig. 11 i N, liquid dynamic viscosity u, versus entalphy h,. 
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APPENDIX D 
EXPERIMENTAL DATA 
Inverse annular film boiling in liquid nitrogen flow 
Measurements of void fraction 
Table 
No. 
Run 
No. 
Subcooling 
Alsub s 
[°e] [°cj 
Level of void detectors 
above inlet 
Hl H2 
[mm] [mm] 
Mass flux 
G 
[kg/m2s] 
1 1- 24 0.2 ± 0.4 45 310 9.6-236.6 
25- 30 50 315 9.2-117.5 
31- 41 60 230 9.4-110.3 
42- 55 100 600 8.2-237.1 
56- 63 160 470 9.4-167.6 
2 64- 74 4.2 ± 0.4 60 230 11.1-101.4 
75- 80 100 600 13.6- 95.4 
81- 89 160 470 8.6- 72.6 
3 90-101 5.9 ± 0.6 45 310 9.7- 91.2 
102-110 60 230 11.0- 64.8 
111-123 100 600 13,4- 69.1 
124-131 160 470 10.8- 67.6 
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MEASUREMENTS OF HEAT TRANSFER 
Table 
No. 
4 
5 
6 
Run 
No. 
301-
323-
333-
-322 
-332 
-344 
Subcooling 
At5Ut 
[°C] 
-0.4 
5.0 
6.5 
s 
t°cl 
± 0,2 
± 0.6 
± 0.5 
Mass 
G 
; :cg/m 
12.6-
11.4-
10.8-
flux 
2s] 
135.7 
61.6 
73.7 
1 
Wall temperature 
^ 
[°C] 
-2.1 
-1.3 
-2.4 
+ 
+ 
+ 
s 
[°C] 
2.9 
2.5 
3.9 
7 345-358 8.9 ± 0.7 8.8- 75.4 -2.1 ± 4.7 
- 137 -
Run 
III 
-
Sub-
c o o l i n g 
" , « b 
°C 
H,~liquid 
i n l e t f low 
i 
9 / » 
Qual i ty 
x s 
t t 
Void 
a 
% 
f r a c t i o n 
s 
% 
Haas-
f l u x 
G 
« 9 / » 2 » 
Heat-
f l u x 
q" 
W/cm2 
Mall 
teetp. 
fcw 
°C 
1 0 -0.1 1.4 0.1 1.6 9.6 1.07 -4.1 
45 66.S 1.0 
310 99.1 1.7 
740 122.5 9.1 
2 0 0.2 i.9 -0.1 0.5 13.0 1.00 -2.6 
45 69.6 1.3 
310 97.3 2.1 
740 85.2 2.7 
3 0 0.4 2.2 -0.4 1.8 15.3 1.14 3.1 
45 59.1 1.6 
310 95.5 1.0 
740 81.8 8.7 
I 0 0.5 2.4 -0.4 1.3 16.1 1.18 1.7 
45 66.7 1.2 
310 92.6 2.0 
740 80.4 4.2 
5 0 1.0 2.8 -0.9 3.5 18.9 1.22 -1.0 
45 61.0 1.8 
310 93.4 1.7 
740 69.9 4.5 
6 0 0.0 2.9 0.0 0.6 20.1 1.09 -4.6 
45 66.9 0.9 
310 97.1 1.4 
740 59.8 2.2 
7 0 0.6 3.6 -0.5 1.3 24.4 1.27 -2.4 
45 59.4 1.6 
310 92.5 2.0 
740 S6.8 2.2 
8 0 0.5 3.6 -0.5 1.1 24.5 1.33 -0.3 
45 57.6 1.3 
310 93.3 2.1 
740 59.3 1.6 
9 0 0.5 3.7 -0.5 0.7 25.2 1.35 -0.7 
45 56.0 1.1 
310 92.7 1.7 
740 58.4 1.1 
10 0 0.4 4.2 -0.3 0.4 28.9 1.3« -0.9 
45 55.9 1.3 
310 92.7 1.0 
740 51.3 2.8 
11 0 -P.l 6.3 0.0 0.4 43.0 1.46 -5.4 
45 55.0 2.7 
310 91.9 1.7 
740 37.3 0.6 
12 0 0.3 6.6 -0.2 0.2 45.6 1.49 -6.0 
45 52.6 1.7 
310 93.a 1.6 
740 35.8 0.4 
13 0 1.0 6.9 -0.4 0.1 47.6 1.47 -5.5 
45 55.0 2 0 
310 92.5 1.7 
740 33.5 0.4 
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Run 
Laval 
•bova 
lnlat 
. 
Sub-
cool lng 
" « b 
°C 
H,-llquld 
lKlat flow 
• 
9/» 
Quality 
x s 
t % 
Void fraction 
a a 
• » 
Haaa-
flux 
G 
kg/*2a 
Haat-
flux 
9." 
w/cai2 
Nail 
taao. 
*w 
°C 
14 0 
45 
310 
740 
1.0 9.1 -0.9 
26.J 
1.3 
1.1 
62.5 
S4.3 
90.3 
1.3 
1.9 
1.54 -•-0 
15 0 
45 
310 
740 
0.4 11.8 0.3 0.1 
22.8 0.3 
81.2 
42.5 
88.8 
1.7 
1.3 
1.71 -7.7 
16 0 
45 
310 
740 
0.3 11.9 -0.2 0.4 
21.8 0.8 
SB.4 
88.7 
1.5 
0.8 
81.5 1.63 -7.3 
17 0 
45 
310 
740 
0.5 12.6 -0.4 0.3 
21.2 0.6 
41.4 
89.9 
1.7 
1.1 
86.6 1.70 -7.6 
18 0 
45 
310 
740 
0.7 13.9 -0.6 0.2 
18.7 0.7 
43.2 
88.5 
95.4 1.67 -7.1 
19 0 
45 
310 
740 
0.4 13.9 -0.3 0.2 
19.6 0.2 
95.6 
53.0 
90.6 
1.4 
0.6 
1.73 -11.0 
20 0 
45 
310 
740 
0.1 14.9 -0.1 0.1 
18.5 0.6 
101.7 
44.8 
89.6 
2.5 
1.9 
1.72 -10.6 
21 0 
45 
310 
740 
0.9 18.5 -0.6 0.1 
15.2 0.3 
49.4 
89.2 
0.9 
1.8 
1.86 -6.9 
22 0 
45 
310 
740 
-0.2 20.9 0.1 0.7 
43.3 
89.9 
1.1 
0.7 
143.5 
23 0 
45 
310 
740 
0.1 24.8 0.0 0.6 
13.2 0.7 
38.8 
82.1 
1.1 
1.4 
170.3 2.06 -12.8 
24 0 
45 
310 
740 
0.7 34.4 -0.8 0.1 
9.4 0.1 
236.6 
34.5 
79.7 
1.2 
2.0 
2.19 -12.6 
25 0 
SO 
315 
740 
0.0 1.3 0.0 1.0 
125.4 4.0 
68.5 
98.6 
1.6 
2.1 
9.2 1.05 5.0 
26 0 
50 
315 
740 
-0.3 5.6 0.2 0.5 
41.4 0.7 
64.7 
92.7 
1.4 
1.2 
38.6 1.44 -2.$ 
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Run 
Laval 
•bov* 
lnlat 
» 
Sub-
cooling 
"aub 
°C 
11,-1 Iquld 
181«t flow 
• 
9/« 
Quality 
x • 
% % 
void fraction 
a s 
« t 
M M > -
flux 
G 
««/*2a 
•aat-
flux 
*" 
« . / - * 
nail 
taap. 
'« 
°C 
27 
28 
0 
SO 
31S 
740 
0 
SO 
315 
740 
0.3 (.3 -0.3 0.9 
37.3 0.» 
43.S 1.41 -3.2 
43.1 0.9 
»2.7 0.7 
0.2 7.3 -0.1 0.4 
34.4 0.4 
43.1 1.1 
93.3 1.4 
SO.2 1.S8 -S.3 
29 0 
SO 
315 
740 
0.4 7.5 -0.3 1.5 
33.3 1.4 
(1.0 1.4 
93.0 1.3 
51.« 1.-7 -2.0 
30 0 
50 
31S 
740 
0.4 17.1 -0.3 0.2 
17.1 0.2 
117.5 Lit -10.8 
50.1 1.1 
90.0 1.1 
31 0 
60 
230 
740 
0.3 1.4 -0 3 1.1 
122.0 7.0 
9.4 1.05 2.3 
64.4 l.S 
96.4 1.4 
32 0 
60 
230 
740 
0.2 1.4 -0.2 1.0 
120.6 S.7 
65.2 2.2 
95.5 1.6 
9.5 1.05 3.1 
33 0 
60 
230 
740 
0.4 2.2 -0.3 0.7 
$5.6 1.3 
14.9 1.16 0.5 
62.7 1.9 
93.5 1.8 
34 0 
60 
230 
740 
0.3 2.4 -0.3 1.1 
81.3 2.0 
16.2 1.20 -0.8 
62.4 2.1 
95.5 2.1 
35 0 
60 
230 
740 
0.3 3.2 -0.2 1.1 
64.1 2.0 
21.8 1.27 -2.3 
61.4 1.1 
95.5 1.6 
36 0 
60 
230 
740 
0.5 5.0 -0.4 1.5 
43.1 1.6 
34.4 1.36 -3.9 
59.6 2.1 
92.1 1.6 
37 0 
60 
230 
740 
0.2 6.2 -0.2 0.6 
38.1 0.7 
42.6 1.48 0.3 
59.3 1.1 
92.2 1.0 
38 0 
60 
230 
740 
0.4 8.5 -0.3 0.1 
30.0 0,3 
58.7 1.62 -4.0 
59.6 2.2 
88.8 0.9 
39 0 
60 
230 
740 
0.3 10.5 -0.3 0.4 
25.0 0.5 
72.5 1.66 -6.6 
55.4 1.1 
88.5 1.2 
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Laval , „ _ >"j-*»>pi*» w i i - • • « - m i t 
•bov« c o c l l a a i l l a t f l o w Q u a l i t y Vo 4 f r a c t i o n f i m f l u x t a a a . 
l a l a t 
o. 
x s a s C q» t 
'C 9 / » » » % % k«/fc2a M/c« 2 °( C 
40 0 0 . 2 11 .7 - 0 . 1 0 . « » 0 . « 1 .72 - 7 . » 
«0 5 5 . 4 1 . 3 
230 1 9 . 1 0 . 9 
740 2 3 . 2 0 . 4 
41 0 0 . 3 l t . 0 - 0 . 2 0 . 2 110 .3 1.02 - 1 0 . 0 
«0 S 3 . 7 1 .6 
230 6 6 . 2 1 . 1 
740 1 7 . 9 0 . 2 
42 0 - 0 . 2 1.2 0 . 2 0 . 4 1 .2 1.00 3 . 3 
100 4 0 . 4 1 .7 
( 0 0 9 9 . S 1 .4 
740 133 .7 4 . 2 
43 0 - 1 . 2 1.4 1 . 1 2 .S 9 .S 1 .03 2 . 3 
100 4 0 . 2 1 .0 
400 9 9 . 3 1 .1 
740 1 2 0 . 4 2 . 9 
44 0 0 . 4 2 . t - 0 . 7 4 . 4 1 4 . 0 1 .21 3 .0 
100 7 4 . « 1 . 1 
400 100 .0 O. t 
740 7 3 . 3 5 . 2 
45 0 O.t 3 .3 - 0 . 5 2 . 5 2 2 . 4 1 .23 2 .S 
100 7 6 . 4 1 . 1 
( 0 0 9 9 . 4 l . t 
740 5 4 . 4 2 . 2 
4t 0 0 . 1 4 . 5 - 0 . ) 2 . 9 3 0 . 7 1.32 0 .4 
100 7 6 . 0 1 . 5 
tOO 100 .0 1 . 1 
740 4 7 . 4 2 .2 
47 0 1 .1 t . l - 1 . 0 0 . 4 4 1 . 7 1.42 - 2 . 0 
100 7 7 . 3 1-4 
600 9 7 . 9 l . S 
740 36 .5 1.« 
46 0 0 . 7 7 .9 - O . t 1 .3 54 .2 1.47 0 .0 
100 7 7 . 4 1 .3 
tOO 9 t . 7 1 . 5 
740 2 9 . 1 2 . 3 
49 0 1 .1 9 . 0 - 1 . 0 1.1 t l . t 1.56 - 4 . 6 
100 7 2 . 0 1 .3 
600 9 9 . 4 1 .1 
740 2 7 . 1 1.1 
50 0 1.0 1 2 . 7 - 1 . 0 0 . 2 6 7 . 4 1.61 - 5 . 7 
100 7 0 . 4 1 .« 
600 9 6 . i 1 .4 
740 2 1 . 6 0 . 9 
51 0 0 . 7 16 .S - 0 . 6 0 . 1 113 .3 1.67 - 6 . 4 
100 6 6 . 6 1 .7 
600 9 9 . 3 1 .1 
740 1 5 . 5 0 .6 
52 0 0 . 7 2 0 . 5 - 0 . 7 1.1 140.» 1 .44 - 7 . 2 
100 ( 6 . 7 2 . 4 
600 9 7 . 1 2 . 0 
740 1 3 . 9 1 .0 
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•an 
Lcvol 
ttow 
lalot 
-
Sub-
cool tBf 
"„. 
°C 
M,-liquid 
lllot flow 
m 
*/• 
Quality 
> S 
• % 
Vold fraction 
• « 
% t 
•Ma-
il«« 
e 
te*/*2« 
•Ml-
fl«K 
«• 
«,«.' 
Mil 
S. 
°C 
S3 0 -O.t 
100 
•00 
740 
2«.« 0.5 1.2 
12.« 1.0 
ltt.f 1.05 -10.« 
«3.2 1.4 
99.1 1.0 
S« 0 -0.1 
100 
•00 
740 
2«.2 0.1 1.2 
10.9 1.0 
100.0 1.7« -9.4 
•1.0 1.3 
99.1 1.0 
SS 0 -0.1 
100 
too 
740 
34.S 0.0 0.4 
10.2 0.4 
237.1 2.10 -13.1 
57.3 1.4 
94.4 1.1 
5« 0 0.1 
1(0 
470 
740 
1.4 0.0 2.2 
125.5 4.1 
9.4 1.00 1.0 
•4.0 1.9 
99.1 1.5 
57 C 
ltO 
470 
740 
-0.5 4.0 0.4 0.3 
45.5 2.1 
32.9 1.35 -1.4 
•0.9 0.0 
93.t !.• 
5« 9 
1*0 
470 
740 
4.9 33.9 
•1.0 1.5 
91.4 1.« 
59 0 -0.2 
1*0 
470 
740 
7.7 0.2 0.4 
32.5 0.5 
52.« 1.55 -7.9 
7*.5 1.9 
»*.» 1.5 
to 0 
1*0 
470 
740 
-0.2 (.7 0.2 0.3 
29.7 O.t 
•0.0 l.tO -t.4 
77.7 1.2 
92.* 1.9 
tl 0 
1*0 
470 
740 
-0.9 13.0 0.1 0.3 
21.7 0.4 
•9.4 1.** -».5 
75.5 0.* 
92.2 1.« 
*2 0 
1*0 
470 
740 
-0.1 13.3 0.0 0.1 
21.0 0.4 
91.( 1.74 -11.9 
77.7 I.« 
9«.9 1.4 
•3 0 
1C0 
470 
740 
-0.3 24.4 0.2 0.2 
13.1 0.2 
1*7.( 1.95 -13.2 
tl.« 0.C 
91.5 1.7 
•4 0 
«0 
23" 
740 
4.5 1.« -4.4 0-5 
105.9 2.9 
11.1 
94.« 1.4 
1.11 1.2 
•5 0 
•0 
2)0 
740 
4.5 1.7 -4.4 1.0 
102.4 7.5 
11.3 
95.7 l.C 
1.10 1.7 
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feta 
L*v*l 
1io»a 
lalot 
-
Suk-
cool laf 
"•* 
°C 
•,-llVllJ 
lftlat flow 
• 
«/• 
Quality 
x • 
• • 
vold fraction 
a a 
1 % 
Naaa-
flux 
G 
«»/•*• 
iut-
flux 
«" 
N/CB2 
Hall 
taap. 
*» 
°C 
CC o 
CO 
230 
100 
C00 
740 
3.C 1.7 -3.C 0-9 11.4 
SO.7 
»4.0 
2.2 
1.0 
CO.3 1.4 
90.5 1.7 
i.18 2.6 
C7 
60 
C9 
70 
71 
72 
73 
74 
7S 
7C 
77 
78 
740 
0 
CO 
230 
740 
0 
00 
230 
740 
0 
CO 
230 
740 
0 
CO 
230 
740 
0 
CO 
230 
740 
0 
CO 
230 
740 
0 
CO 
230 
740 
0 
CO 
230 
740 
0 
100 
COO 
740 
0 
100 
»00 
740 
0 
100 
COO 
740 
0 
4.3 
4.4 
4.C 
4.5 
4.C 
4.4 
4.2 
4.C 
4.1 
4.1 
4.3 
4.1 
S-2 
5.5 
CO 
1.1 
s.c 
10.S 
11.2 
14.7 
2.0 
4.2 
S.5 
5.0 
110.0 
-4.2 
41.5 
-4.3 
37.« 
-4.5 
3C.S 
-4.4 
2C.5 
-4.5 
24.4 
-4.3 
20.4 
-4.1 
19.5 
-4.5 
IC.3 
-4.0 
97.1 
-4.1 
51.2 
-4.2 
39.0 
-4.0 
7.0 
0-2 
1.2 
0.2 
o.5 
0.3 
0.4 
0.2 
0.3 
0.1 
0.3 
0.2 
0.4 
0.1 
0.8 
0.3 
0.4 
0.8 
9.7 
0.3 
0.8 
0.3 
l.S 
0.4 
90.4 
89.5 
30.4 
90.0 
82.9 
80.6 
78.9 
17.5 
83.1 
12.2 
70.1 
72.4 
98.3 
58.3 
97.5 
58.4 
99.4 
2.1 
2.3 
1.6 
1.0 
1.8 
1.4 
1.7 
1.8 
1.5 
2.2 
0.9 
1.0 
1.2 
1.4 
1.2 
1.5 
1.0 
35.5 
38.1 
41.1 
55.6 
58.9 
74.4 
77.3 
101.4 
13.6 
28.9 
37.9 
39.9 
1.-47 
1.46 
1.54 
1.56 
1.55 
1.67 
1.66 
1.91 
1.25 
1.45 
1.52 
1.48 
-5-8 
-5.5 
-8.9 
-8.0 
-7.8 
-9.9 
-11.3 
-11.3 
-3.4 
-5.7 
-8.7 
-10.0 
36.7 0.9 
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Run 
ill 
-
Sub-
cool ins 
"aub 
°C 
N.-llquld 
lSlat flow 
•I 
9/a 
Quality 
x a 
% % 
Void fraction 
a a 
% % 
Maaa-
flUM 
G 
"9/»*» 
Haat-
flux 
n" 
W/ea2 
Nail 
taao. 
'« 
°C 
79 0 4.S 7.0 -4.4 0.1 47.8 1.44 -».5 
100 49.9 1.3 
600 96.3 l.S 
740 28.9 1.5 
•0 0 3.7 13.9 -3.6 0.2 95.4 1.89 -13.7 
100 25.7 1.5 
600 96.0 0.9 
740 16.2 0.1 
81 0 4.0 1.3 -3.9 2.5 6.6 0.87 4.9 
160 86.1 1.3 
470 96.0 1.3 
740 107.4 9.8 
62 0 3.7 1.5 -3.6 1.4 10.1 1.15 -1.5 
160 84.4 1.7 
470 (101.7) 1.4 
740 122.2 8.7 
83 4.7 1.8 -4.6 0.1 12.3 1.22 -4.0 
160 84.3 1.7 
470 97.2 1.3 
740 104.2 6.7 
64 0 4.7 1.9 -4.6 1.8 13.0 1.23 -1.5 
160 84.0 1.1 
470 94.3 1.4 
740 99.7 22.4 
85 0 4.9 3.1 -4.« 0.4 21.6 1.31 -S.6 
160 79.8 1.0 
470 96.2 1.7 
740 62.4 0.9 
86 0 4.0 4.3 -3.9 0.6 29.8 1.34 -5.3 
160 79.2 1.7 
470 (99.1) 1.5 
740 45.5 2.0 
87 0 3.9 5.9 -3.8 0.1 40.7 1.43 -7.1 
160 76.4 1.4 
470 (99.7) 1.4 
740 35.0 0.7 
88 0 3.4 6.9 -3.3 0.3 47.3 1.49 -6.2 
160 73.9 1.3 
470 
740 31.5 0.7 
69 0 4.1 10.6 -4.0 0.1 72.6 
160 59.7 1.8 
470 91.2 l.S 
740 
90 0 6.6 1.4 -6.6 8.9 9.7 1.09 2.9 
45 
310 9S.6 1.2 
740 11«.0 12.9 
91 0 6.3 l.S -6.2 1.6 10.1 1.20 -0.4 
45 50.1 1.6 
310 92.5 1.5 
740 125.0 6.6 
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Hun 
L«v«l 
•bov« 
lnlat 
-
Sub-
coollaa 
" - b 
°C 
N,-Uquld 
ltlat flow 
• 
9/« 
Quality 
» S 
% t 
Void fractloa 
a • 
% * 
flw 
G 
M/*2» 
•Mt-
flam 
V 
«/«-* 
Mil 
S, 
°c 
»2 0 
«5 
310 
740 
i.O 2.9 -5.9 0.« 
67.• 0.9 
20.0 
39.3 1.4 
91.9 1.2 
1.34 -3.1 
93 0 
4S 
310 
740 
7.1 3.4 -7.0 0.4 
52.2 0.9 
24.0 
31.7 1.5 
90.2 1.2 
1.40 -4.2 
94 0 
45 
310 
740 
5.0 4.2 -5.4 0.5 
49.C 1.0 
29.0 
31.2 1.4 
90.7 1.9 
1.45 -5.4 
95 0 
45 
310 
740 
4.3 4.7 -4.2 0.5 
43.5 0.4 
32.4 
91.0 1.3 
1.44 -4.4 
9« 0 
45 
310 
740 
7.1 4.2 -4.9 1.7 
31.4 1.4 
42.9 
•6.7 1.2 
1.50 -5.1 
97 0 
45 
310 
740 
7.0 (.4 -4.9 0.2 
32.5 0.5 
45.0 
20.S 1.« 
•7.7 1.1 
1.41 -(.4 
9« 0 7.2 
45 
310 
740 
4.7 -7.1 2.1 
30.7 1.9 
45.9 
•4.7 1.« 
1.5» -4.7 
0 5.9 
45 
310 
740 
• .4 -S.« 0.3 
24.3 0.4 
59.4 
13.3 1.7 
•S.4 . 1.2 
1.73 -10.9 
100 0 
45 
310 
740 
5.4 13.1 -5.3 0.1 
17.0 0.2 
90.0 
71.5 1.5 
l.<2 -11.1 
101 0 
45 
310 
740 
4.7 13.3 -4.4 0.1 
14.6 0.4 
91.2 
4.S 1.6 
75.5 1.4 
102 0 
60 
230 
740 
4.7 1.6 -4.6 1.4 
119.S 3.5 
11.0 1.24 -2.0 
55.9 1,4 
94.6 1.2 
103 0 7.0 
60 
230 
740 
2.1 -6.8 0.7 
•9.2 2.1 
14.1 1.23 -1.4 
56.2 2.2 
94.4 1.0 
104 0 
60 
230 
740 
5.« 3.S -5.6 0.7 
55.6 2.2 
26.1 1.45 -6.0 
44.9 2.2 
93.1 1.0 
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10S 
•bov« 
inlat 
Sub- H2-llquld 
coolIn« lll«t flov Quality 
Mass- Mat- Hall 
Vold fraction flux flux taap. 
0 
to 
230 
740 
luft-
es 
*/• « kg/*2» M/e»2 °c 
4.« -6.3 0.1 
44.1 0.9 
30.1 1.« 
•3.0 1.1 
31.« 1.45 -5.9 
10« 0 
CO 
230 
740 
(.0 5.3 -«.< 0.3 
39.2 0.1 
3C.< 1.52 -3.» 
29.8 2.2 
•4.« 0.« 
107 0 
«0 
230 
740 
5.2 5.5 -5.1 2.3 
31.3 2.4 
37.9 1.49 -7.7 
30.« 1.« 
91.7 1.1 
10« 0 
«0 
230 
740 
5.0 t.l -4.9 0.« 
35.3 0.« 
42.0 1.54 -8.7 
27.0 2.0 
•9.0 r.» 
109 0 
CO 
230 
740 
110 0 
CO 
230 
740 
5.C 7.1 -5.4 0.2 
21.4 0.5 
53.7 1.65 -10.1 
25.1 1.9 
88.7 0.8 
6.3 9.4 -6.2 0.1 
23.9 0.2 
S4.6 1.77 -8.5 
13.7 2.3 
77.1 1.0 
111 0 
100 
C00 
740 
5.5 2.0 -5.4 0.7 
91.1 7.4 
13.4 1.17 -1.9 
72.5 1.8 
99.1 1.1 
112 0 
100 
C00 
740 
5.8 2.5 -5.7 0.4 
74.1 2.« 
17.2 1.25 -5.9 
70.7 1.« 
101.1 1.4 
113 0 
100 
C00 
740 
5.5 3.2 -5.3 0.7 
62.7 1.3 
21.7 1.3« -5.1 
65.4 1.2 
96.9 0.9 
114 0 
100 
600 
740 
5.4 3.2 -5.3 0.2 
60.8 1.« 
62.6 1.0 
97.9 1.8 
21.8 1.31 -6.8 
115 0 
100 
eoo 
740 
5.3 3.2 -5.2 1.0 
62.7 1.4 
22.0 1.36 -5.4 
64.7 1.2 
97.4 0.9 
116 0 
100 
C00 
740 
5.1 3.2 -5.0 0.7 
62.0 4.7 
22.1 1.35 -7.5 
63.0 1.2 
99.« 1.5 
117 0 
100 
C00 
740 
5.3 5.5 -5.2 0.4 
39.5 0.8 
37.6 1.53 -8.7 
54.2 1.0 
98.1 1.« 
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Run 
Laval 
above 
lnlat 
-
Sub-
cooling 
".»b 
°C 
N,-llquld 
lnlat flow 
• 
9/« 
Quality 
x a 
% % 
Void fraction 
a a 
1 » 
Naaa-
flux 
G 
«9/»2» 
Haat-
flux 
q* 
W/c»2 
Hall 
taap. 
*w 
°C 
118 0 5.7 5 . 5 - 5 . 6 0 . 2 37 .7 1 . « - 1 0 . 7 
100 5 6 . 8 2 . 2 
600 9 6 . 4 2 . 3 
740 3 7 . 7 0 . 7 
119 0 5.4 5 . 9 - 5 . 3 0 . 3 40 .6 1 .54 - 1 1 . 5 
100 5 3 . 9 1 . 1 
600 1 0 0 . 0 1 .3 
740 3 6 . 4 0 . 5 
120 0 5 .6 6 . 0 - 5 . 4 0 . 1 4 1 . 1 1 .43 - 9 . 6 
100 5 3 . 0 1 . 4 
600 9 8 . 1 1 .7 
740 33 .0 1 .1 
121 0 5 .3 7 . 7 - 5 . 2 0 . 5 52 .8 1 .68 - 9 . 9 
100 41 .7 2 . 1 
600 9 7 . 0 2 . 5 
740 2 9 . 8 0 . 7 
~122 0 JTi STs ^TTB 0T7 60T3 l774 -10.9 
100 36 .5 2 . 3 
600 9 6 . 3 1 .2 
740 2 6 . 9 0 . 6 
123 0 5.0 1 0 . 0 - 4 . 9 0 . 3 6 9 . 1 1 .81 - 1 4 . 3 
100 30 .9 2 . 7 
600 1 0 0 . 3 1 . 4 
740 2 4 . 0 0 . 5 
124 0 5.3 1 .6 - 5 . 2 1 .5 10 .8 1.16 0 .1 
160 8 5 . 1 1 . 6 
470 9 6 . 1 1 .1 
740 113 .1 5 .0 
125 0 5.4 3-8 - 5 . 3 0.3 25.9 1.39 -6 .9 
160 77.3 0.8 
470 9 6 . 3 1 .9 
740 53 .7 0 . 9 
126 0 5 .3 4 . 5 - 5 . 1 0 . 7 3 0 . 8 1 .39 - 7 . 1 
160 77 .7 1 .6 
470 97 .7 1 .5 
740 4 4 . 7 1 .5 
127 0 6.S 7 . 1 - 6 . 4 0 . 2 4 8 . 9 1 .61 - 8 . 6 
160 64 .8 2 . 4 
470 92.8 1.2 
740 29.9 1.2 
12$ 0 5 .8 7 . 2 - 5 . 7 0 . 2 4 9 . 3 1 .48 - 9 . 2 
160 64 .0 1 .1 
470 96 .7 1 .8 
740 27 .4 1 .2 
129 0 5 . 7 7 . 8 - 5 . 6 0 . 2 5 3 . 9 1 .59 - 1 1 . 2 
160 59 .» 0 . 7 
470 9 7 . 1 1 . 9 
740 2 6 . 8 0 . 3 
130 0 5 . 3 8 . 4 - 5 . 1 0 . 8 » 7 . 5 1 .69 - 1 0 . 4 
160 *<-° l * 4 
470 91.i 0 . 8 
740 2 7 . 2 1 .0 
131 0 6 . 1 » . » - « . 0 0 . 4 6 7 . 6 1 .80 - 1 2 . 4 
160 5 5 . 1 1.7 
470 9 0 . 1 0 . 8 
740 23 .4 0 . 5 
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Run 
L n i l 
•bov« 
in lat 
-
Sub-
cool ln9 
" . » b 
°C 
H,-liquld 
ta lc t flow 
m 
*/• 
Quality 
X 
% 
Mass-
flux 
6 
*»/"2» 
Quality 
X 
% 
Mtaa valuas 
• H t flux 
«j" 
M/«.* 
Mall 
tw 
°C 
301 0 
250 
7 « 
-0 .1 1.« 0.1 
54.5 
100.« 
12. 6 27.J 
77.« 
C0.1 
0.«2 
1.17 
7.1 
1.5 
302 0 
250 
72S 
- 0 . 7 1 . 9 0.« 
51.2 
»4.4 
13.2 2« .9 
71.« 
57.« 
l . M 
0.77 
1.15 
-».2 
• .5 
2.« 
303 0 
250 
725 
- 0 .3 2 . 1 0.2 
4 7 . • 
• 7 .4 
14.7 24.0 
»7.« 
52.« 
0.S2 
l . l t 
- • . 4 
7.2 
1.5 
30« 0 
250 
725 
- 0 . « 2.2 0.7 
49.1 
••.0 
15.1 2«.« 
•9 .0 
53.« 
1.9« 
0.SS 
1.23 
-10.7 
• .9 
e.a 
305 0 
250 
725 
- 0 .5 2.4 0.4 
44.0 
•1 .1 
1«.2 22.2 
C2.5 
«•.« 
1.90 
0.«5 
1.21 
« . • 
1.1 
30« 0 
250 
725 
-0.4 2 . 9 0.3 
3«.9 
70.« 
19.« I t .« 
51.« 
«1.5 
1.92 
0.93 
1.27 
-10.2 
5.2 
-0 .1 
-10.1 
5.2 
-0.1 
307 0 
250 
725 
-0 .7 3 . 1 0.« 
3«.7 
««.2 
21.3 17.« 
50.4 
39.1 
1.9« 
0.95 
1.29 
308 0 
250 
725 
- 0 . « 3 . * 0.5 
2*. 5 
S«. l 
25.9 14.5 
42.3 
32.7 
1.94 
1.01 
1.33 
-10.2 
4.0 
-0.9 
309 0 
250 
725 
-0 .5 4.3 0.4 
25.0 
49.1 
29.5 12.7 
37.0 
2t.« 
1.9« 
1.00 
1.32 
-10.4 
4.0 
-1.0 
- • . 7 
4.1 
-0 .2 
310 0 
250 
725 
- 0 .3 5.6 0.2 
21.0 
43.« 
3«. C 10.« 
32.3 
2«.S 
2.1« 
1.22 
1.54 
311 0 
250 
725 
-0 .4 6.4 0.3 
17.1 
36.4 
43.9 • .7 
2«.7 
20.5 
1.97 
1.19 
1.45 
-11.0 
0.1 
-3.7 
312 0 
250 
725 
-0 .2 6.4 0.2 
IS.« 
39.7 
43.9 9.« 
29.1 
22.3 
2.17 
1.10 
1.(0 
-».9 
2.7 
-1.3 
313 0 
250 
725 
- 0 . 1 7.4 0.2 
16.2 
35.1 
51.0 • .2 
25.« 
19.« 
2.19 
1.35 
1.63 
-9.1 
1.6 
-2 .2 
314 0 
250 
725 
-0.4 7.9 0.4 
15.4 
33.5 
54.1 7.9 
24.« 
11.7 
2.1« 
1.3« 
1.65 
-9.5 
o.a 
-2 .« 
315 0 
250 
725 
-0.4 7 . 9 0.3 
15.2 
33.4 
54.3 7.7 
24.3 
11.6 
2.17 
1.39 
1.65 
-9.3 
0.6 
-2 .« 
316 0 
250 
725 
-0.5 a.s 0.4 
13.5 
29.5 
sa.i 6.9 
21.5 
16.5 
2.04 
1.31 
1.54 
-12.2 
-2.1 
-5.6 
317 0 
250 
725 
-0 .3 a.s 0.3 
13.6 
30.1 
60.5 i . 9 
21.6 
16.7 
2.17 
1.40 
1.66 
- 9 . 1 
0.7 
-2 .7 
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U M l 
l a t e « 
-
C M t t e f 
* ' • * 
•c 
«W-lMj»M 
l i l M ( tov 
• 
«/» 
t M l t t y 
s 
* 
( l as 
C 
•Ml t«V 
i 
** / • * • % 
. M . « t — 
. M t f t o . 
«-
«*-» 
• k i l 
CV 
t 
114 
2S9 
72S 
19-9 • . 2 
11.1 
2S-9 
74.4 * - 7 
4 . « 
4 - 2 
2-22 
i . n 
i . ) i 
-19-1 
«.« 
-«.« 
119 
129 
9 
2 M 
72S 
• 
299 
m 
- 9 - 1 
- « . i 
u.« 
14.« 
• . 2 
14-7 
M . « 
• - 1 
9-4 
29.4 
n.» 
94.S 
S.« 
I T . « 
11.« 
« . ] 
14.« 
11.« 
2.29 
l . M 
1-7« 
> . M 
l . M 
1.«] 
- » - 7 
- 1 . « 
-«.* 
-» -S 
- 1 - 1 
-S .« 
M l 
259 
TIS 
- • - 7 M . S • .< 
• .9 
29 .« 
99.S «.7 
14.7 
11.1 
2.22 
1-41 
1.41 
- 1 4 . 1 
- 1 . 7 
- 4 . 4 
122 • 
2 M 
725 
- 4 . 4 19.7 9 .4 
4 .4 
1S.9 
1 H . 7 1.7 
14.« 
4 .4 
2 .11 
1.4« 
1.77 
- 11 .« 
- « . 9 
- 9 . « 
121 4 
2M 
72$ 
S.« 1.7 
-4 .4 
44-5 
114.« 
11.« 27.4 
9 * . * 
45.4 
124 4 
254 
72S 
4.4 1.4 -S-4 
V4.4 
I4S.4 
11.1 2J.9 
I l 1 
42.1 
12S 9 
2*4 
72* 
* . l 2 .1 - * - 2 
4S.2 
94.4 
14.1 
12« 9 
2*9 
72* 
4 . 1 2.« - 4 . 2 
M . S 
74.7 
l t . 4 
24.4 
4S.4 
S4.9 
17.1 
S4.4 
41.4 
» 7 4 
2S9 
72S 
S . l 2.4 - S . 2 
17.4 
7« . 2 
17.7 14.1 
S4.9 
42.« 
2.»4 
4.94 
1.21 
2.92 
4 .41 
1.24 
1.91 
4.92 
i . : » 
1.99 
4.9* 
1.21 
2.91 
9.97 
1.11 
- 1 « . * 
7.7 
1.« 
-19.9 
7.1 
9 .9 
-19.« 
4 .9 
4 .9 
-19.9 
4.4 
4 .9 
-11.2 
4 .4 
- 1 . 4 
124 9 
2*9 
72S 
S.« 1-1 - S . l 
11.« 
M . 9 
21.2 12.9 
47 . * 
1*.S 
139 9 
2*9 
72S 
S.« 4 . 9 -S.S 
2 1 . * 
»9.« 
27.« 
111 4 
2S9 
72S 
4 . 1 4 . 9 - 4 . 4 
19.9 
42.4 
11.1 7.« 
N . « 
22.« 
112 9 
2S9 
72S 
4.7 ».9 -«.« 
4 .« 
21.« 
•1 .« 1.7 
IS.« 
19.« 
111 9 
2*9 
72* 
7 . 9 1.« 
11« 9 
2S9 
72* 
4. S 1.« 
- « . • 
t i .« 
•9.4 
-«.« 
<«.2 
11«.« 
14.« 
14.9 
2.44 
4.99 
1.1* 
2 .4 * 
1.14 
1.42 
2.14 
1 . 1 * 
1.49 
-11 .4 
4.2 
- 1 . 1 
129 4 
2*9 
72* 
S.S 1.9 -S .4 
24.4 
S1.2 
24.2 9 .1 
M .« 
2 I .S 
2 . M 
l . M 
1. .2 
-12 .2 
2 .« 
- 2 . 4 
4.4 
M.4 
24.1 
2.41 
1.11 
1.41 
-11 .4 
1.« 
- 2 . 9 
- 1 2 . 1 
2 .1 
- 2 . 4 
-13.4 
- J .S 
21.1 
74.2 
S4.4 
24.9 
«».« 
«». 2 
1.7S 
4.4S 
1.42 
1.94 
4.77 
1.14 
- 7 . 2 
4 .7 
1.« 
-19 .4 
7 .« 
l .S 
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Kun 
Level 
•bove 
Inlet 
-
Sub-
coo line. 
At
.ub 
°C 
N2-liquid 
inlet flow 
• 
g/» 
Quality 
X 
% 
Mass-
flux 
G 
kg/«2« 
Quality 
X 
% 
Mean values 
Heat flux 
q" 
W/c»2 
Nail 
teap. 
tw 
°C 
335 
336 
337 
338 
0 
250 
725 
0 
250 
725 
0 
250 
725 
0 
250 
725 
7.1 
6.2 
5.7 
6.9 
1.6 -6.9 
55.7 
101.0 
11.2 24.4 
78.3 
59.7 
1.7 -6.1 
56.6 
106.7 
11.3 25.2 
81.6 
62.2 
2.4 -5.6 
40.8 
81.6 
16.3 17.6 
61.2 
46.2 
2.6 -6.8 
37.1 
76.0 
15.1 
56.5 
42.2 
1.90 
0.71 
1.12 
1.90 
0.80 
1.17 
2.04 
0.94 
1.31 
2.09 
0.97 
1.35 
-10.4 
8.5 
2.0 
-9.5 
7.2 
1.4 
.1.5 
4.9 
-0.8 
-12.6 
4.1 
-1.7 
339 0 
250 
725 
6.0 3.4 -5.9 
27.0 
58.1 
23.4 10.3 
42.5 
31.5 
2.07 
1.02 
1.38 
-12.1 
3.3 
-2.0 
340 0 
250 
725 
6.9 5.0 -6.7 
16.2 
40.8 
34.2 4.7 
28.S 
20.3 
2.11 
1.19 
1.50 
-13.0 
0.0 
-4.5 
341 0 
250 
725 
6.0 5.5 -5.9 
14.8 
37.6 
37.6 4.4 
26.2 
18.7 
2.39 
1.21 
1.51 
-13.5 
-0.2 
-4.8 
342 0 
250 
725 
6.5 6.0 -6.3 
13.2 
35.1 
41.3 3.4 
24.1 
16.9 
2.17 
1.27 
1.58 
-13.9 
3.1 
-2.8 
343 
344 
345 
0 
250 
725 
0 
250 
725 
0 
250 
725 
6.7 
6.7 
8.4 
8.0 -6.6 
8.2 
26.8 
55.2 0.8 
17.5 
11.7 
10.7 -6.5 
5.2 
19.7 
73.7 -0.6 
12.4 
7.9 
1.3 -8.3 
71.6 
126.0 
8.8 31.6 
98.8 
75.6 
2.20 
1.45 
1.70 
2.34 
1.51 
1.79 
1.90 
0.67 
1.09 
-14.3 
-4.5 
-7.9 
-16.8 
-5.6 
-9.5 
-10.3 
9.3 
2.5 
346 0 
250 
725 
9.6 1.5 -9.5 
58.2 
105.4 
10.1 24.3 
81.8 
62.0 
1.84 
0.67 
1.07 
-8.2 
9.9 
3.6 
347 0 
250 
725 
9.8 2.4 -9.6 
37.9 
79.3 
16.6 14.1 
58.6 
43.3 
2.12 
0.97 
1.36 
-12.7 
4.7 
-1.3 
348 0 
250 
725 
8.0 3.1 -7.8 
31.0 
67.7 
21.2 11.6 
49.3 
36.3 
2.20 
1.09 
1.46 
-13.9 
2.6 
-3.0 
349 0 
250 
725 
8.3 3.1 -8.2 
30.0 
66.6 
21.2 10.9 
48.3 
35.4 
2.18 
1.09 
1.46 
-13.5 
2.5 
-3.0 
350 
351 
0 
250 
725 
0 
250 
725 
9.7 
9.5 
3.5 
4.0 
-9.6 
24.5 
56.1 
-9.4 
19.3 
48.4 
24.2 
27.8 
7.4 
40.3 
28.9 
4.9 
33.8 
23.8 
2.21 
1.07 
1.46 
2.14 
1.14 
1.48 
-14.1 
2.8 
-3.0 
-12.9 
1.6 
3.4 
- 150 -
Level 
•bove 
inlet 
. 
Sub-
cooling 
".ub 
°C 
N2-liquid 
inlet flow 
• 
<»/» 
Quality 
X 
% 
Mass-
flux 
G 
"9/»2» 
Quality 
X 
% 
Mean values 
Heat flux 
q" 
W/c»2 
Mall 
teap. 
tw 
°C 
352 0 
250 
725 
7.7 4.3 -7.6 
18.8 
45.1 
29.3 5.6 
31.9 
22.8 
2.08 
1.09 
1.43 
-13.6 
1.6 
3.6 
353 0 
250 
725 
8.8 4.9 -8.7 
16.6 
43.0 
33.4 3.9 
29.8 
20.9 
2.27 
1.24 
1.59 
-14.8 
0.0 
-5.1 
354 0 
250 
725 
8.3 5.3 -8.1 
13.9 
37.6 
36.3 2.9 
25.7 
17.8 
2.15 
1.21 
1.53 
-14.5 
-0.6 
-4.6 
355 0 
250 
725 
9.2 5.4 -9.1 
10.9 
32.3 
37.3 0.9 
21.6 
14.5 
2.01 
1.12 
1.42 
-12.5 
0.9 
-3.7 
356 0 
250 
725 
9.2 6.0 -9.0 
12.4 
35.4 
41.0 1.7 
23.9 
16.2 
2.36 
1.33 
1.68 
-16.6 
-1.6 
-6.8 
357 0 
250 
725 
358 0 
250 
725 
9.4 
8.6 
6.1 
11.0 
-9.2 
12.1 
35.0 
41.7 1.4 
23.5 
15.9 
-8.5 
3.0 
17.2 
75.4 -2.7 
10.1 
5.7 
2.39 
1.35 
1.70 
2.34 
1.51 
1.79 
-17.0 
-1.9 
-7.10 
-18.1 
-5.9 
-10.1 
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